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Instructions to Authors 
1. Prior Publication 


Submission of a manuscript to the Editors involves the tacit assurance that no 
similar paper, other than an abstract or preliminary report, has been, or will be, 
submitted for publication. 


2. Form and Style of Manuscript 


Manuscripts should be typed with triple spacing throughout, and only the 
original copy should be submitted. Before being mailed to the Managing Editor, 
all errors in typing should be corrected, and the spelling of proper names and of 
words in foreign languages, the accuracy of direct quotations, and the correctness 
of analytical data, as well as of numerical values in tables and in the text, should 
be carefully verified by the author. Care in grammatical construction is essential; 
vague, obscure, or ambiguous statements must be avoided. As the Journal is 
read by chemists in foreign countries, technical neologisms and “laboratory slang” 
should not be used; when unavoidable, such terms should be defined. Variations 
from standard nomenclature and all arbitrary abbreviations should be explained. 
The forms of spelling and abbreviation used in current issues of the Journal should 
be employed, and for chemical terms the usage of the American Chemical Society 
as illustrated by the indexes of Chemical Abstracts should be followed. Separate 
sheets should be used for the following: (a) title page, (b) bibliography, (c) foot- 
notes, (d) legends for figures, (e) tables, (f) other inserts. All, except the title 
page, should follow the text, and the sheets should be numbered consecutively with 
it. The title page should carry the title of the paper, the authorship, and the 
name of the institution or laboratory of origin. 


8. Title 


The title should be as short as is consistent with clarity; in most instances two 
printed lines are adequate to give a clear indication of the subject matter of the 
paper. The title should not include chemical formulas, but chemical symbols may 
2 be used to indicate the structure of isotopically labeled compounds. A running 
* title should be provided (not to exceed 38 characters and spaces). 


4. Organization of Manuscript 


* A desirable plan for the organization of a paper is the following: (a) introductory 
statement, (b) Experimental (or Methods), (c) Results, (d) Discussion, (e) Sum- 
mary, (f) Bibliography. The approximate location of the tables and figures in 
the text should be indicated. 

(a) The introduction should state the purpose of the investigation and its rela- 
tion to other work in the same field, but extensive reviews of the literature should 
not be given. A brief statement of the principal findings is helpful to the reader. 

(b) The description of the experimental procedures should be as brief as is com- 
patible with the possibility of repetition of the work. Published procedures, unless 
extensively modified, should be referred to only by citation in the bibliography. 

™ 


3 


2 THE JOURNAL OF BIOLOGICAL CHEMISTRY 


(c) The results are normally presented in tables or charts and should be described 
with a minimum of discussion. 

(d) The discussion should be restricted to the significance of the data obtained. 
Unsupported hypotheses should be avoided. 

(e) Every paper must conclude with a brief summary in which the essential results 
of the investigation are succinctly outlined. 

(f) The bibliography should conform in all details to the style used in current 
issues of the Journal. In the case of books, the author’s name with initials, the 
title in full, the place of publication, the edition if other than the first, the page, 
and the year of publication should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the author; all should be 
confirmed by comparison of the final manuscript with the original publications. 
References to “unpublished experiments,” “‘personal communications,” etc., must 
be given in foot-notes, and not included in the bibliography. References to papers 
which have been accepted for publication, but have not appeared, should be cited 
like other references with the abbreviated name of the journal followed by the 
words “in press.” It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct bearing on the paper 
whose publication is requested. 


5. Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be made by the use 
of formulas when these can be printed in single horizontal lines of type. The 
use of structural formulas in running text should be avoided. Chemical equa- 
tions, structural formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural formulas or mathe- 
matical equations which cannot conveniently be set in type should be drawn in 
India ink on a separate sheet in form suitable for reproduction by photoengraving 
(example, J. Biol. Chem., 181, 56 (1949)). 


6. Tables 


For aid in designing tables in an acceptable style, reference should be made to 
current issues of the Journal. A table should be constructed so as to be intelligible 
without reference to the text. Only essential data should be tabulated. Every 
table should be provided with an explanatory caption, and each column should 
carry an appropriate heading. Units of measure must always be clearly indicated. 
If an experimental condition, such as the number of animals, dosage, concentration 
of a compound, etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in the text or in a statement accompanying the table, and 
not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data should be avoided, 
and, whenever space can be saved thereby, statistical methods should be em- 
ployed by tabulation of the number of individual results and the mean values with 
their standard deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two groups of data should 
be accompanied by the probability derived from the test. of significance applied. 
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Only in exceptional cases, the necessity for which must be clearly demonstrated, 
may the same data be published in two forms, such as a table and a line figure. 


7. Illustrations 


The preparation of illustrations is particularly important, and authors are re- 
quested to follow carefully the directions given below. In case of doubt, the 
Editorial Office will gladly supply specific information. 

It is helpful to the Editorial Office if all charts and drawings are submitted on 
sheets 8} by 11 inches in size. Large size drawings or those much smaller than 
manuscript sheets are difficult to handle. 

Charts should be planned so as to eliminate waste space, yet be provided with 
sufficient margin for labeling and for instructions about reproduction. Curves 
that can be placed on one chart without undue crowding should not be given in sepa- 
rate charts. The drawings should be made on Bristol board, blue tracing cloth, 
or on coordinate paper printed in light blue. Mounting on heavy cardboard is 
undesirable. Photoengravings made from photographic prints are inferior to those 
prepared from the original drawings, which should, therefore, be submitted when- 
ever possible. If it is necessary to submit photographic prints, because of the 
excessive size of the originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be fairly thick, as well 
as large enough for the necessary reduction. When oversized original drawings 
are submitted, a set of small photographic prints is convenient for the use of ref- 


erees. 

All charts should be ruled off on all four sides close to the area occupied by the 
curves, and descriptive matter placed on the ordinate and abscissa should not 
extend beyond the limits of these rules. Black India ink should be used through- 
out. Letters and figures should be uniform in size and large enough so that no 
character will be less than 2 mm. high after reduction (maximal page width 44 
inches). 

The scales used in plotting the data should be indicated by short index lines 
perpendicular to the marginal rules of the drawing on all four sides, unless more 
than one scale is used on the ordinates, at such intervals that interpolation will 
permit reasonably accurate evaluation of experimental points. Points of observa- 
tion should be indicated by symbols drawn with instruments. The significance 
of the symbols should be explained on the chart or in the legend. If they are not 
explained on the face of the chart, only standard characters, of which the printer 
has type, should be employed (X, O, ©, 0, @, A, A, ©). 

Photographs submitted for half-tone reproduction should be printed on white, 
glossy paper. The cost of half-tone reproductions will be charged to the authors. 

Each chart, graph, or illustration should be clearly identified, on the margin, 
with the authors’ names and the number of the figure. Each must also be ac- 
companied by an explanatory legend. 


8. Proof-Reading 


Authors are responsible for the reading of galley and page proof. The cost of 
changes, other than correction of printer’s errors, will be charged to authors. 
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9. Reprints 


Reprints will be issued only when ordered by authors. wun OS 
charged to an institution, an official purchase order must be supplied in additio 
to the order form submitted with the proof. All orders, including the purchas¢g 
orders, must be sent to the Editorial Office of the Journal. The total number of 
reprints must be ordered when galley proof is returned to the Editorial Office. Re- 
prints are made at the time the Journal is printed and the type is destroyed at once. 
Therefore, additional reprints cannot be supplied after an issue of the Journal ig 
printed except by a photo-offset method. The cost of such reproduction is many 
times greater than that of reprints printed from the original type. 
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for/your Laboratories 


Quality is supremely important to the buyer of scientific 
instruments, laboratory supplies and chemicals. Quality 
combined with fast, dependable service is rare. But it’s 
something you can be certain of when you order from 
Cenco. The broad Cenco line together with strategically . 
located branch warehouses, insures prompt, efficient 


service at all times. 


manufacturers as: 
American Optical Co. 


The Cenco line contains more than 14,000 items. Included 
in our stock are the standard brands of such well known 


Beckman Instruments, Inc. 
Coors Porcelain Co. 


H. Reeve Angel & Co. 
Barnstead Still and Corning Glass Works 
Sterilizer Co. International Equipment Co. 
Bausch & Lomb Optical Co. Kimble Glass Co. 
Parr Instrument Co. 


CENTRAL SCIENTIFIC COMPANY 
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many other metals are readily deter- 
mined. Sample of only 1 to 3 ml are 
required; concentrations as low as 
0.1 p.p.m. Na or K may be deter- 


bility. In flame measurements, re- 
sults are reproducible to + 0.5°, on 
individual readings — to 0.2°, on 

averaged readings. The improved 
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5655 Kingsbury ¢ St. Lovis 12, Missouri 
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Ag 
Precision instrument for exact analyses by absorption or lame methods 
The easy-to-operate Beckman  atomizer-burner is of the torch type, 
Model B Spectrophotometer in com- __ virtually clog-proof; flame is supplied 
bination with the new flame attach- by standard oxy-acetylene equip- 
ment provides a moderately priced ment. The wavelength scale of the 
versatile instrument for routine or spectrophotometer covers the full 
special work. With addition of the range of 320 to 1,000 millimicrons. 
flame unit, sodium, potassium and In the visible range it is readable 
and reproducible to 1 my. Contin- 
uously variable slit is free from back 
lash. Operation of the spectropho- 
tometer has been simplified by re- 
mined. The exceptional resolving ducing the number of controls to a 
power and wide operating range of minimum. To assure proper align- 
the spectrophotometer plus the high ment, the flame attachment and spec- 
light output of the atomizer-burner trophotometer are attached to a rigid 
combine to give excellent detecta- mounting platform. This assembly 
is easily converted for routine spec- 
trophotometric measurements. 
Write for full descriptive aan 
literature and prices. 
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they'll be clean as a whistle... in 3 minutes! 


it's the patented Technicon syphon-cycie that does it. Twice every 
minvie, seven fresh galions of water are surged through the 
pipettes, loosening and dislodging clinging residves. Wastes ore 
laerally swept out by the violent suction set up during the brisk 
ten-second emptying phase of the cycle. 

So rapid, so thorough is the Technicon Washer that six flushing 
cyces will deliver a full basket-load of immaculately clean pipettes 
it holds up to 200 pipettes, 1 mi, 18” long). The non-corroding 
stainless steel basket carries its load of pipettes without changing 
through cleansing, washing and drying. Practically eliminates break- 
oge and chippage becouse it requires no individual handling, no 
shifting from container to container. A MUST for the busy labore- 
tory. Ask for Bulletin 6150 giving particulers. 


autematic pipette washer 


COMPANY, 218 EAST 140th ST., MEW YORK 51, Y. 


| 
| 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 


NEW LOW PRICES 
ON 


ADENOSINE 
DIPHOSPHATE 


Sodium or Barium Salts 


Write Dept. B 


THE SIGMA POLICY 


As our volume grows, 
our prices will continue to drop. 


CHEMICAL COMPANY 


4648 EASTON AVENUE, ST. LOUIS 13, MO, U.S.A 
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Composition of Enamel and Dentin (Mean Values) 
The results for total base are given in milliequivalents per cent X 100; for Ca, POs, and COs in ma per cent 


100. 


E 
i 
3 
3 
5 


3 
> 


8 


| 


| 


23 | gs 


Dietary group 


&:: 


+++ +++ 


Tassie VIII 
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STUDIES ON THE MECHANISM OF NITROGEN STORAGE 


VI. RATE OF PROTEIN SYNTHESIS AND SIZE OF THE NITROGEN POOL* 


By PAUL D. BARTLETT ano OLIVER H. GAEBLER 
Witn tHe Tecunicat Assistance or Beverty Capy 


(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit, 
Michigan) 


(Received for publication, August 13, 1951) 


Studies on the rate of protein synthesis and the size of the nitrogen pool 
in both the rat and the human (1, 2) have provided the research worker 
with technical procedures and mathematical treatment by which it is possi- 
ble to assess directly nutritional and endocrine effects on the regulation of 
amino acid and protein metabolism. Sprinson and Rittenberg (2) have 
shown that the empirical equation i 


i 
Ag = WAI — 

describes the excretion of labeled glycine nitrogen in both the rat and the 
human and have developed the relationship of the constants A and B to 
the size of the metabolic nitrogen pool and the rate of protein synthesis. 
The recently published studies of Hoberman (3-5), in which rate-process 
constants for the protein = amino acid equilibrium and for the catabolism 
of amino acids to urine nitrogen are derived and tabulated, include a num- 
ber of observations (3) which are of considerable interest in connection 
with the present experiments and preceding ones (6). Hypophysectomy 
of the rat was found to result in an increase in the rate-process constant 
for the catabolism of amino acids, and treatment of the hypophysectomized 
animal with growth hormone returned the constant to normal. Synthesis 
of protein from amino acids was shown to be only slightly affected by 
hypophysectomy, but definitely accelerated in the hypophysectomized ani- 
mal treated with growth hormone. 

Doubt concerning the production of continuous growth with growth 
hormone has largely been dispelled since the demonstration by Evans et 
al. (7) that repeated injection of this hormone into normal adult female 
rats resulted in continuous growth for a period of 437 days. Parallel 
studies of the chemical composition of the body (8) showed that growth 
hormone produced a rise in protein and water content and a lowering of 
the fat content of the body. Since changes such as these are characteristic 

* This study was supported in part by a grant from the Michigan Chapter of the 
Arthritis and Rheumatism Foundation. 
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of normal growth (9), designation of nitrogen storage and gain in body 
weight induced by growth hormone as true growth was felt justified (8). 

Wt has been suggested that growth, which is characterized in one respect 
by the accumulation of body protein, may result from a depressed rate of 
protein or amino acid catabolism, by an accelerated rate of protein syn- 
thesis, or by a combination of these mechanisms. Quantitative evaluation 
of amino acid and protein metabolism in terms of the rate of protein syn- 
thesis, the rate of amino acid catabolism, and the size of the nitrogen pool 
in animals in nitrogen balance, and in animals in which gain in body weight 
and nitrogen storage have been induced through the administration of 
anterior pituitary growth hormone, should thus prove of interest in charac- 
terizing the over-all mechanisms involved in the production of nitrogen 
storage and the regulation of processes involved in growth. We have, 
therefore, undertaken to determine whether the empirical equation of 
Sprinson and Rittenberg (2) describing the excretion of labeled glycine 
nitrogen by the rat and the human can be applied to the dog, and, if so, 
to determine the rate of protein synthesis, the rate of amino acid catabo- 
lism, and the size of the nitrogen pool in both nitrogen balance and nitrogen 


storage experiments. 
EXPERIMENTAL 


Animal—<Adult female dogs weighing from 11 to 17 kilos, maintained in 
metabolism cages on Stock Diet 6 in the manner previously described (10), 
were used in all studies. 

Procedures—In general, two types of experiments were conducted on 
each animal. In one experiment, the animal was maintained in nitrogen 
balance on the required constant dietary intake of Stock Diet 6. Daily 
observations on the total urinary nitrogen excretion and body weight were 
taken as indicative of the stage of nitrogen equilibrium in the animal. In 
the other experiment, nitrogén storage was induced in such an animal by 
the subcutaneous administration of small daily doses of anterior pituitary 
growth hormone. Growth hormone Preparation Rx099916' was used in 
two of the induced nitrogen storage experiments, and Preparation 22KR1! 
was used in the third experiment. The lyophilized preparations were taken 
up in 0.8 per cent saline and injected in doses of 5 mg. per day for periods 

1 Growth hormone Preparation Rx099916, with a reported potency of 3502 growth 
units per gm., was supplied through the courtesy of Dr. D. A. McGinty and Mr. L. 
W. Donaldson of Parke, Davis and Company. Assays in 26 to 28 day-old hypophy- 
sectomized rats conducted in our laboratories showed the preparation to have a 
growth-promoting potency approaching that reported for pure crystalline growth 
hormone (10). Growth hormone Preparation 22KR1 was supplied by Armour and 
Company and was reported to be approximately equivalent to their growth hormone 
standard Preparation 22KR2. 
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of 5 days. At the desired time during the experiment in which the animal 
was in nitrogen balance and on the 4th day of the induced nitrogen storage 
experiments, the diet was supplemented with 32.5 atom per cent excess 
N"-labeled glycine in doses of 10 mg. per kilo of body weight. Collections 
of urine were then made at 3, 6, 9, 12, 24, and 48 hours after ingestion of 
the labeled amino acid. Each collection was terminated by catheteriza- 
tion of the animal and washing of the bladder. Total urinary nitrogen 
excretion was determined in each collection by a semimicro-Kjeldahl pro- 
cedure. An aliquot of the urine was then analyzed for N“ by the pro- 
cedure described by Sprinson and Rittenberg (11). Isotope ratios were 


NITROGEN BALANCE 
Sor EXPERIMENT 

Zu 
° 
30 
x 
<u NITROGEN STORAGE 
= EXPERIMENT 
« 
> 


o 6912 20 30 40 $0 
TIME IN HOURS 
Fic. 1. Rate of excretion of N“ label during typical nitrogen balance and nitrogen 
storage experiments on Dog 55. 


determined on the Consolidated-Nier mass spectrometer, model 21-201." 
Calculations of the rate of protein synthesis and the size of the nitrogen 
pool were made according to the mathematical treatment of Sprinson and 
Rittenberg (2). Calculations of the rate of amino acid catabolism and the 
rate at which amino acids were transformed into protein were also made by 
the use of the mathematical treatment of Hoberman (3). 


Results 


The rate of urinary excretion of ingested N during typical nitrogen 
balance and nitrogen storage experiments on Dog 55 is shown in Fig. 1. 


?N'S analyses were performed through the cooperation of the Department of 
Chemical and Metallurgical Engineering of the University of Michigan. We wish 
to express our appreciation to Professor R. R. White, Mr. Banchero, and Mr. David 
Brown for their splendid cooperation. 
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Fic. 2. Plot of data given in Tables I and II showing application of the empirical 
equation of Sprinson and Rittenberg (2) to the utilization of glycine nitrogen by the 
dog. Curves I and II are, respectively, for nitrogen balance and nitrogen storage 
experiments on Dog 44. Curves III and IV are, respectively, for similar experiments 


TIME 


on Dog 55. 
Taste 
Rate of Utilization of Glycine Nitrogen by Dog 
=A 
mime | | me | SE | 
Dog 44, nitrogen balance 
0- 3 1.13 0.029 0.023 0.023 0.036 0.932 
3- 6 1.62 0.056 0.065 0.088 0.136 0.742 
6- 9 1.69 0.053 0.064 0.152 0.234 0.556 
9-12 1.28 0.048 0.044 0.196 0.301 0.430 
12-15 0.73 0.042 0.022 0.218 0.335 0.365 
15-24 1.88 0.021 0.028 0.246 0.378 0.284 
24448 8.04 0.012 0.069 0.315 0.485 0.080 
Dog 4, nitrogen storage 
0- 3 0.45 0.023 0.007 0.007 0.011 0.956 
3- 6 0.76 0.035 0.019 0.026 0.040 0.844 
6- 9 1.08 0.036 0.028 0.054 0.083 0.679 
9-12 0.75 0.032 0.017 0.071 0.109 0.577 
12-24 1.67 0.024 0.029 0.100 0.154 0.407 
2448 5.28 0.011 0.042 0.142 0.218 0.158 


*\g = N'* excreted; \> = N'* fed at zero time = 0.65 m.eq. 
t A = 0.527 for N balance experiment (see Table IV); A = 0.258 for N storage ex- 
periment (see Table IV). 
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The excretion is very rapid during the first 24 hour period in the nitrogen 
balance experiment, approximately 35 per cent of the ingested N"™ being 
excreted. During the second 24 hour period, the excretion rate falls very 
rapidly, amounting to only 7.0 per cent of the ingested N™. Production 
of nitrogen storage in this animal with growth hormone resulted in a marked 
reduction in both the rate and quantity of N™ label in the urine, only 19 
per cent being excreted during the first 24 hours and 7 per cent during the 


Taste II 
Rate of Utilization of Glycine Nitrogen by Dog 


N Nu | | 
Time | concentration | | | | 
Dog 55, nitrogen balance 
hrs. cm. | | 
0- 3 1.22 0.023 0.020 0.020 0.028 0.937 
3- 6 1.66 0.042 0.050 0.070 0.098 0.781 
6- 9 1.41 0.044 0.044 0.114 0.160 0.642 
9-12 1.74 0.040 0.050 0.164 | 0.229 0.487 
12-24 4.46 0.028 0.090 0.254 0.354 0.208 
24-48 10.59 0.007 0.053 0.307 0.428 0.043 
Dog 55, nitrogen storage 
0- 3 0.93 0.018 0.012 0.012 0.017 0.944 
3- 6 1.22 | 0.027 | 0.024 0.036 | 0.049 | 0.833 
6- 9 1.23 0.031 0.027 + °®0.063 0.087 0.704 
9-12 1.19 0.028 0.024 0.087 0.121 0.590 
12-24 2.65 0.027 0.050 0.137 | 0.191 0.352 
2448 7.50 0.009 0.048 $$$ 0.185 0.250 0.123 


*Ag = N'* excreted; A> = N'* fed at zero time = 0.714 m.eq. 
t A = 0.447 for N balance experiment (see Table IV); A = 0.205 for N storage 


experiment (see Table IV). 


second 24 hour period. Total excretion of the N* label during the 48 hour 
test period was 42 per cent in the nitrogen balance experiment and 26.0 
per cent in the nitrogen storage experiment. 

Demonstration that the excretion of the labeled glycine nitrogen in the 
dog follows the empirical equation of Sprinson and Rittenberg (2) is shown 
in Fig. 2 in which log (1 — Ag/A) is plotted against ¢, the time in hours. 
Complete data for the experiments shown graphically in Figs. 1 and 2 are 
presented in Tables I and II according to the form of Sprinson and Ritten- 
berg (2). Results of similar experiments on Dog 52, in agreement with 
data in Tables I and II, are presented in Table III. 

Results of calculations for the constants A and B in the empirical equa- 
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tion of Sprinson and Rittenberg (2), and for the rate of protein synthesis, 
S, and the size of the nitrogen pool, P, as described in their paper (2), are 
summarized in Table 1V. The data clearly show a decrease in FE; and an 
increase in both S, and P, during the nitrogen storage experiments. 

In Table V are presented the results of calculations of the rate of amino 
acid catabolism, k,, and the rate at which amino acids are synthesized into 


Taste Ill 
Rate of Utilization of Glycine Nitrogen by Dog 
‘Total N N A 
Dog 52, nitrogen balance 
hrs. cm. | meq meq. 
0- 3 | 0.87 0.025 0.016 0.016 0.029 0.045 
| 0.049 0.000 0.076 0.140 0.734 
6- 9 | 1.68 0.047 0.056 0.132 0.244 0.536 
9-12 1.08 0.042 0.032 0.164 0.304 0.422 
12-24 ©«x41.84 0.033 0.048 i$0.207 0.384 0.270 
3448 7.01 0.011 0.055 0.262 0.487 0.074 
Dog 52, nitrogen storage 
0- 3 0.69 | 0.016 | 0.008 0.008 0.015 0.96 
3- 6 1.17 0.0443 0.044 0.081 0.783 
6- 9 1.36 0.037 0.036 i 0.080 0.147 0.604 
9-12 0.92 | 0.034 0.022 0.102 0.188 0.494 
12-15 1.18 | 0.029 0.024 0.126 0.233 0.373 
5-2 138 0.256 0.311 
248 0.182 0.336 0.095 


*Ag = N'* excreted; A» = N"* fed at zero time = 0.54 m.eq. 
t A = 0.526 for N balance experiment (see Table IV); A = 0.372 for N storage 
experiment (see Table IV). 


protein, kz, by the mathematical treatment of Hoberman (3). Induction 
of nitrogen storage resulted in a decreased rate of amino acid catabolism in 
all animals and an increased rate of protein synthesis. The decrease in the 
rate of amino acid catabolism during nitrogen storage was very marked, 
ranging from 42 to 67 per cent. The rate of protein synthesis during nitro- 
gen storage was 8 to 18.5 per cent higher than that observed during nitrogen 
balance experiments. 


DISCUSSION 


Results of our studies on the dog during nitrogen balance and during 
growth hormone-induced nitrogen storage experiments show that the em- 
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pirical equation for the excretion of labeled glycine nitrogen in both the 
rat and the human (2) is also applicable to the dog. The rate of protein 
synthesis per kilo of body weight was found to average 0.62 gm. of nitrogen 
per day for the animals in nitrogen balance. This value lies intermediate 


Taste IV 
Rate of Protein Synthesis and Size of Nitrogen Pool in Dog 
Experi- 100 5 
mental | Body | Es A Bi} s | pe} | so | 
dog 0-24 | 0-48 
hrs. hrs. 
Nitrogen balance 
kg per cent | per cent sm. | gm. gm. sm. gm. 
44 15.2 8.32) 37.8 | 48.5 | 0.527 | 1.27) 7.45 12.5 0.547) O. 0.823 
52 | «11.5 | 7.18 38.4 | 48.7 | 0.526 | 1.31 | 6.46 | 10.4) 0.626 0.564 0.908 
55, 15.8 10.49 35.4 | 42.8 0.447 | 1.56 | 12.95 | 15.1) 0.663) 0.818 0.950 
‘£0.043 +0.129 +0.044 
Nitrogen storage 


44 4.67) 15.3 | 21.7 | 0.258 | 0.90 | 13.06 | 19.7, 0.307) 0. 1.300 
52 11.8 | 6.08 25.6 | 33.6 | 0.372 | 1.16 | 10.28 | 14.1; 0.515) 0.871, 1.195 
55 7 1 | 25.9 | 0.295 | 1.04 | 17.23 | 23.5, 0.4 1.013, 1.383 


cs 0.416; 0.914) 1.290 


* E = total nitrogen excreted during the first 24 hours of the experiment; S = gm. 
of nitrogen synthesized into protein per 24 hours; P = gm. of nitrogen in the meta- 
bolic pool; Es, Ss, and P, are the values of E, S, and P calculated on the basis of 
per kilo of body weight. 

t Ag/Ao is the fraction of fed N'* excreted in the urine. 


TaBLe V 
Rates of Amino Acid Catabolism and Protein Synthesis 
Nitrogen balance Nitrogen storage 
Experimental dog 
per cent per hr per cent per hr per cent per hr per cont per he. 
44 3.85 3.85 1.26 4.56 
52 3.96 4.19 2.30 4.54 
55 2.74 3.60 1.36 3.89 


*k, = rate of amino acid catabolism. 
t k: = rate of transformation of amino acids into protein. 
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between the rates of 1.0 and 0.2 gm. of nitrogen per day reported by Sprin- 
son and Rittenberg (2) for the rat and human, respectively. 

Evaluation of the N" data in terms of rate-process constants for the 
catabolism of amino acids into urinary nitrogen and for the synthesis of 
protein from amino acids according to the method of Hoberman (3) con- 
firms the general results expressed in terms of P, and S, values and pro- 
vides in addition specific data on the rate of amino acid catabolism. In 
the nitrogen balance experiments k, was found to be equal to k: in both 
Dogs 44 and 52. In similar studies on Dog 55 k, was slightly higher than 
k,. During nitrogen storage experiments, the rate of protein synthesis was 
from 2 to 3.5 times as large as the rate of amino acid catabolism. 

Results of quantitative evaluation of the rate-process constants during 
nitrogen balance and nitrogen storage experiments and determination of 
the quantity of nitrogen synthesized into protein and the size of the nitro- 
gen pool have confirmed, extended, and more clearly described in quantita- 
tive terms nitrogen storage induced with growth hormone in the dog. In 
agreement with the depressed rate of amino acid catabolism in this animal 
are observations of increased plasma free amino acid carboxyl nitrogen and 
decreased plasma glutamine amide nitrogen (12). 


SUMMARY 


1. The rate of protein synthesis per kilo of body weight was found to 
average 0.62 gm. of nitrogen per day during nitrogen balance experiments 
on dogs. This value is intermediate between the rates of 1.0 and 0.2 gm. 
of nitrogen per day reported for the rat and human, respectively. The 
size of the nitrogen pool expressed in terms of gm. of nitrogen per kilo of 
body weight was increased by 44 per cent during induced nitrogen storage. 

2. Amino acid catabolism was decreased from 42 to 67 per cent and the 
rate of protein synthesis increased from 8 to 18.5 per cent during induced 
nitrogen storage. 

3. Amino acid catabolism and synthesis of amino acids into protein pro- 
ceeded at the same rate during nitrogen balance experiments. During 
nitrogen storage experiments, the rate of synthesis of amino acids into 
protein was from 2 to 3.5 times as large as the rate of amino acid catabolism. 

4. The production of growth hormone-induced nitrogen storage in the 
adult female dog is the resultant of two over-all effects: a depressed rate 
of amino acid catabolism and an increased rate of protein synthesis which 
have been quantitatively evaluated. 
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(From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit, 
Michigan) 


(Received for publication, August 13, 1951) 


Maintenance of nitrogen balance in protein-fasted dogs by the intra- 
venous administration of whole plasma (1) and the rapid uptake and 
utilization of plasma proteins labeled with N* (2) or C™ (3) and adminis- 
tered intravenously to normal dogs support the concept of a dynamic 
equilibrium between plasma and cellular proteins. The suggestion of Mad- 
den and Whipple (4) and more recently of Northrop (5) that basic plasma 
protein units may be synthesized in an organ such as the liver and trans- 
ported to other organs and tissues where they are either modified or used 
directly in the fabrication of specific cellular protein is particularly in- 
triguing. 

Quantitative studies on the transfer of C™“ activity from plasma to tissue 
proteins in the normal dog have been interpreted by Yuile e¢ al. (6) as 
favoring the view that plasma proteins are partially catabolized into large 
aggregates which are reassembled into specific cellular protein. Eckhardt 
et al. (7), on the other hand, have proposed that intravenously administered 
plasma proteins are slowly degraded into amino acids required for intra- 
cellular synthesis of specific protein. It is of interest in this connection 
that data recently presented by Abdou and Tarver (8) show an accumula- 
tion of C™ label in the non-protein nitrogen fraction of liver tissue shortly 
after the injection of C-labeled plasma proteins into the rat. 

With these observations and experiments in mind, it seemed to us that 
information on the concentrations of plasma proteins and rate of incorpora- 
tion of N therein would be of considerable interest in our study of the 
mechanism of nitrogen storage induced in the adult female dog with an- 
terior pituitary growth hormone. Experiments in which the rate of pro- 
tein synthesis and the size of the nitrogen pool were shown to be increased 
in adult bitches stimulated with this hormone (9) conveniently provided 
us with subjects for such studies. 


* This study was supported in part by a grant from the Michigan Chapter of the 
Arthritis and Rheumatism Foundation. 
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EXPERIMENTAL 

Data reported in this paper were collected during the course of nitrogen 
balance and nitrogen storage experiments on Dogs 44 and 52 previously 
described (9). 

Plasma Protein Fractionations—Plasma proteins were fractionated by 
Method 10 developed by Cohn and associates (10) with the reagents and 
precipitation times described by Lever ef al. (11). Fractions were sepa- 
rated at —5° in a refrigerated centrifuge. Method 10 was chosen for the 
fractionation since it enabled us to separate immediately by a relatively 
simple procedure the plasma proteins into three primary fractions, desig- 
nated as F-I + II + III, F-IV + V, and F-VI, which could be, if desired, 
subfractionated into pure components. Fractionations conducted accord- 
ing to Method 10, compared with parallel fractions of the same plasma by 
the methanol procedure described by Pillemer and Hutchinson (12), justi- 
fied our designation of the primary fractionations containing approximately 
43 per cent of the total plasma proteins as the globulin-rich F-I + II + III 
fraction and the primary fraction containing approximately 53 per cent of 
the total plasma proteins as the albumin-rich F-IV + V fraction. The 
F-VI fraction, containing between 4 and 5 per cent of the total plasma 
proteins in the normal adult female dog, has been described (13) as con- 
taining an q,-acid glycoprotein and a:- and §-globulins of low molecular 
weight and peptides. Concentrations of protein were determined in the 
three primary fractions separated from plasma obtained from blood speci- 
mens withdrawn at desired time intervals during nitrogen balance experi- 
ments and on the 4th and 5th days of experiments in which nitrogen storage 
was induced with growth hormone. 

The concentrations of protein in the primary fractions were calculated 
from total protein nitrogen data obtained by the micro distillation proce- 
dure of Hiller, Plazin, and Van Slyke (14). Total protein nitrogen de- 
terminations were made directly on solutions of the proteins of the globulin- 
rich F-I + II + III and albumin-rich F-IV + V fractions. Total protein 
nitrogen in the F-VI fraction was calculated by difference from total nitro- 
gen and non-protein nitrogen determinations made on the solution of F-VI 
proteins and non-protein nitrogen remaining after removal of the F-I + II 
+ III and F-IV + V fractions. Non-protein nitrogen was determined on 
a trichloroacetic acid filtrate of the F-VI fraction. The conversion factor, 
6.25, was used in all calculations of protein. Uptake of N* label was 
determined in the globulin-rich F-I + II + III and albumin-rich F-IV 
+ V fractions separated from plasma specimens obtained at given time 
intervals after ingestion of the diet supplemented with 32.5 atom per cent 
excess N"*-labeled glycine in doses of 10 mg. per kilo of body weight. Only 
a few scattered determinations of the uptake of N** label in the proteins of 
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the F-VI fraction were made owing to limitations in the quantity of nitro- 
gen available for analysis and technical difficulties in processing. Gas 
samples for N'* analysis were prepared by the procedure of Sprinson and 
Rittenberg (15). Isotope ratios were determined with the Consolidated- 
Nier mass spectrometer, model 21-201.' 


I 
Concentration and Specific Activity of Plasma Proteins during Nitrogen Balance and 
Nitrogen Storage Experiments 
Primary protein fractions 
Dog | Type of experiment® | FIV+V 
No. centrationt 
Protein con-| Specific | Protein con- con- 


Specific | Protein 
centration | activity | centration | activity | centration 


N 

44 |Nitrogen balance 5.22 2.13 1.34 2.83 1.10 0.26 
(+0.06)$) (+0.10) (+0.03) (+0.04) 

” storage 7.76 2.45 1.77 3.13 1.45 0.18 
(+0.02) | (40.04) (+0.01 ) (+0.02) 

52 ” balance 5.83 2.55 1.46 3.00 1.17 0.28 
(+0.05) | (+0.12) (+0.02) (+0.01) 

- storage 6.10 2.85 1.73 3.10 1.47 0.15 
(40.07) | (40.11) (+0.01 ) (+0.05) 


* The rate of protein synthesis was increased from 0.49 to 0.86 gm. of nitrogen 
per 24 hours per kilo of body weight during a typical nitrogen storage experiment on 
Dog 44. In similar experiments on Dog 52 the rate of protein synthesis was in- 
creased from 0.56 to 0.87 gm. of nitrogen per 24 hours per kilo of body weight. 

t Total plasma protein concentrations are summation values determined by add- 
ing the protein concentration values for the F-I + II + III, F-IV + V, and F-VI 
fractions. 

t The values in parentheses are average errors. 


Results 


Data summarizing the results of experiments, in which the concentrations 
of protein and the uptake of N'* were determined in primary fractions 
separated from plasma obtained from fasting blood specimens withdrawn 
24 hours after ingestion of the daily feeding, are presented in TableI. The 
production of nitrogen storage resulted in higher total plasma protein con- 
centrations in both Dogs 44 and 52. This change occurred in spite of a 

1 Mass isotope ratios were determined in the Department of Chemical and Metal- 
lurgical Engineering of the University of Michigan. We wish to express our appre- 
ciation to Professor R. R. White, Mr. Banchero, and Mr. David Brown for their 
cooperation. 
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| | percent | per cont 
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gm. per cent gm. per cent gm. per cent Sea N per cent 
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decrease in the concentrations of proteins in the F-VI fraction and can be 
accounted for in terms of slightly higher protein concentrations in both the 
globulin-rich F-I + II + III and albumin-rich F-IV + V fractions. The 
data clearly show an increase in the specific activity of both the globulin- 
rich F-I + If + III and albumin-rich F-IV + V fractions during experi- 
ments in which the rate of protein synthesis was increased with growth 
hormone, and, further, that more of the N“ label was incorporated in the 


II 


Rate Studies on Concentration and Specific Activity of Plasma Proteins during 
Nitrogen Balance and Nitrogen Storage Experiments 


Primary protein fractions 
glycine centration 
Protein con-| Specific Protein Specific Protein 


con- 
centration activity | centration activity concentration 


Dog 44, nitrogen balance experiment 


| | per cent fed er cent fed 
Ars gm. per cent gm. percent gm. gm. per cent per gm. gm. per cent 
N protein 
3 5.19 1.98 0.42 2.74 0.43 0.47 
6 5.31 1.99 0.89 2.61 1.03 0.71 
9 4.83 1.86 1.45 2.44 1.12 0.53 
12 5.03 1.89 1.45 2.60 0.89 0.54 
| 5.10 2.00 1.23 2.53 1.23 0.87 


Dog 44, nitrogen storage experiment 


3 | 2.14 2.80 0.89 0.32 
6 5.13 2.02 1.34 2.89 1.1 0.22 
9 5.32 2.03 1.78 | 3.06 1a | 0.9 
12 5.26 2.066 1.85 | 2.96 145 0.24 
2.20 | 1.77 | 3.98 | 1.45 | 0.20 


globulin-rich fraction than in the albumin-rich fraction during both types 
of experiments. 

Rate studies on the concentration of protein and the uptake of N" label 
in primary fractions separated from plasma obtained at 3, 6, 9, 12, and 24 
hours after ingestion of the daily feeding, supplemented with labeled gly- 
cine, were also made during nitrogen balance and nitrogen storage experi- 
ments. Table II summarizes the results of such studies conducted on 
Dog 44. In general, concentrations of protein and specific activity of the 
proteins in the primary fractions follow the pattern observed in the data 
presented in Table I. Incorporation of N™ label occurs rapidly in both 
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types of experiments and the maximal specific activity appears to be 
reached 9 to 12 hours after ingestion of labeled glycine. 


DISCUSSION 


The marked elevation in plasma specific activity, along with slightly 
higher total plasma protein concentrations observed during experiments in 
which the rate of protein synthesis was increased, would seem to indi- 
cate that biosynthesis of the plasma proteins had been stimulated. The 
capacity of the dog to maintain the concentrations of plasma proteins in 
both the globulin-rich F-I + If + ILI and albumin-rich F-1V + V frac- 
tions is emphasized in the rate study conducted on Dog 44. In spite of 
marked elevation in the specific activity of these fractions during the 12 
hour period following ingestion of labeled glycine, relatively small increases 
were produced in the concentrations of proteins. This observation is par- 
ticularly striking in the globulin-rich F-I + II + III fraction. The main- 
tenance of relatively constant protein concentrations in the globulin-rich 
F-I + II + III and albumin-rich F-IV + V fractions throughout the course 
of the rate study on Dog 44 during nitrogen balance conditions would seem 
to indicate that the proteins of the two major plasma protein fractions were 
being synthesized and utilized to about the same extent. Evaluation of 
the protein concentration data in terms of concentration ratios (i.e. (gm. 
per cent protein in the albumin-rich F-IV + V fraction) + (gm. per cent 
protein in the globulin-rich F-I + II + III fraction)) further confirms this 
observation. Values of 1.38, 1.31, 1.31, 1.37, and 1.26, respectively, were 
calculated from data obtained at 3, 6, 9, 12, and 24 hour fractionations. 
Slightly higher ratios of 1.31, 1.43, 1.51, 1.44, and 1.47, respectively, were 
calculated from data obtained at the same time intervals during the experi- 
ment in which the rate of protein synthesis was increased. The latter 
values suggest either a preferential synthesis of the plasma proteins in the 
albumin-rich F-IV + V fraction or simply an accumulation of the proteins 
in this fraction as a result of a slower turnover rate. In view of other 
studies on the metabolism of albumins (6, 8) the latter interpretation seems 
more correct. The observed decrease in the concentrations of proteins in 
the F-VI fraction (i.e., components precipitable by trichloroacetic acid) 
during experiments in which the rate of protein synthesis was increased 
might be indicative of alterations in either the rates of synthesis or utiliza- 
tion of the components of the fraction. Results of a few scattered deter- 
minations of the specific activity of the proteins of the F-VI fraction indi- 
cate that the components are equally as active as the proteins of the 
globulin-rich F-I + II + III fraction. On this basis the most reasonable 
explanation of our finding would seem to be that the components of F-VI 
are utilized at a rate which exceeds that of synthesis. 
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The observation that the specific activity of the plasma proteins of the 
globulin-rich F-I + II + III fraction was in general higher than the 
specific activity of the proteins of the albumin-rich F-I1V + V fraction 
during both types of experiments can be considered as in agreement with 
the observations of Miller et al. (3). These workers found that C-labeled 
lysine was incorporated more rapidly and in a higher concentration in the 
plasma globulins than in plasma albumin. It seems quite clear from the 
specific activity data presented in Table II that the rate of incorporation 
of N** label was higher in the proteins of the globulin-rich F-I + II + III 
and the albumin-rich F-IV + V fractions during the experiment in which 
the rate of protein synthesis was increased than during the experiment in 
which the animal was maintained in nitrogen equilibrium. In order to 
obtain information on the relative rates of N"* incorporation into the pro- 
teins of the indicated fractions the specific activity data in Table II were 
evaluated in terms of specific activity ratios (i.e. (specific activity of the 
proteins in the albumin-rich F-IV + V fraction) + (specific activity of 
the proteins in the globulin-rich F-I + II + III fraction)). During the 
nitrogen balance experiment on Dog 44 ratios calculated from data ob- 
tained from plasma separated at 3, 6, 9, 12, and 24 hours after ingestion 
of labeled glycine were found to be 1.00, 1.15, 0.77, 0.61, and 1.00, re- 
spectively. Specific activity ratios computed from similar data obtained 
during the experiment in which the rate of protein synthesis was increased 
in Dog 44 were found to be 0.82, 0.82, 0.71, 0.79, and 0.82, respectively. 
Examination of the specific activity data in Table II and the specific ac- 
tivity ratios calculated from this data clearly shows that during the exper- 
iment in which the rate of protein synthesis was increased in Dog 44 the 
rate of incorporation of N™ label into the proteins of the globulin-rich 
F-I + II + III fraction was greater than the rate of incorporation of N" 
into the proteins of the albumin-rich F-IV + V fraction. On the basis of 
specific activity data the net result of increasing the rate of protein syn- 
thesis in the normal adult female dog thus seems to be one of increasing the 
rate of incorporation of N" label into both the globulin-rich F-I + II 
+ III and albumin-rich F-IV + V fractions and preferentially in the for- 


mer. 
Our data thus strongly suggest an increased requirement for the plasma 
proteins of the globulin-rich F-I + II + III and F-VI fractions in the 
adult female dog during periods in which the rate of protein synthesis has 
been greatly stimulated with anterior pituitary growth hormone. It is, 
of course, presumptuous to assume on the basis of our data that the com- 
ponents of these fractions are utilized in the fabrication of specific cellular 
proteins, but the data do suggest that the great variety of protein com- 
ponents found in these fractions would certainly provide a spectrum of 


nn 
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protein aggregates which might be used directly in the synthesis of cellular 
protein or degraded into suitable amino acid mixtures required for specific 
SUMMARY 


1. Increasing the rate of protein synthesis in the adult female dog with 
anterior pituitary growth hormone resulted in relatively small changes in 
the total plasma protein concentrations but marked increases in the specific 
activity of the major plasma proteins. 

2. On the basis of protein concentration and specific activity data, there 
appears to be a preferential synthesis and utilization of the plasma proteins 
of the globulin-rich F-I + II + III and F-VI fractions. Proteins of the 
F-VI fraction appear to be utilized at a rate which exceeds that of synthe- 
sis. 
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EFFECT OF FOLIC ACID AND LEUCOVORIN ON SYNTHESIS 
OF THE LABILE METHYL GROUP FROM METHANOL IN 
THE RAT* 


By WALTER G. VERLY,t JOHN M. KINNEY,} ann VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, New York, 
New York) 


(Received for publication, November 21, 1951) 


Previous experiments from this Laboratory with C"-methanol demon- 
strated that the carbon of methanol becomes incorporated into the methyl 
group of choline in the rat (1). This observation has been confirmed 
by Arnstein (2). In a subsequent investigation carried out in this Labora- 
tory with methanol doubly labeled in the methyl group with deuterium 
and C*, it was found that less than one-third of the hydrogens accompanied 
each carbon of the methanol when it made its appearance in the methyl 
group of choline (3). It was concluded that the methanol was being 
utilized, at least in large part, for the synthesis of a newly formed methyl 
group within the animal body, presumably through oxidation and sub- 
sequent reduction. 

The present communication describes experiments undertaken with la- 
beled methanol to determine whether folic acid' or its derivative, a syn- 
thetic preparation, Leucovorin (5), having Leuconostoc citrovorum factor 
(LCF) activity, had any effect on the utilization of methanol for methyl 
synthesis. The original dietary work of Bennett (6) and the recent con- 
tributions from various investigators have indicated that folic acid is 
in some way involved in labile methyl metabolism. 


EXPERIMENTAL 


Labeled Methanol—In these experiments C-methanol and methanol la- 
beled with both deuterium and C™ in the methyl group were used. An 
aqueous solution of the latter was obtained by mixing ordinary water, 
deuteriomethanol, and C-methanol. 

Diets—Four different diets, A, B, C, and D, were used. Diets C and 
D, which contained the metabolic antagonist methylfolic acid (7), were 


* The authors wish to thank the Lederle Laboratories Division, American Cy- 
anamid Company, for a research grant which aided greatly in this work. 

t Fellow of the Belgian-American Educational Foundation. 

t Postdoctoral Fellow of the Atomic Energy Commission under the National 
Research Council. 

‘A preliminary announcement of these results was made at a meeting of the 
American Society of Biological Chemists, Cleveland, April, 1951 (4). 


fed only during the period prior to the injection of the methanol, as noted 
in the next section. The water-soluble vitamin mixture was identical 
with one described previously (8), except that folic acid was omitted. The 
percentage composition of the diets was as follows: Diet A, casein 20, 
sucrose 67.85, corn oil (containing 4.0 mg. of a-tocopherol acetate and 0.1 
mg. of 2-methyl-1 ,4-naphthoquinone, 750 i.u. of vitamin A, and 125 i.u. 
of vitamin D) 3, agar 2, Osborne and Meridel salt mixture’ 4, sulfasuxidine 
2, pL-methionine 0.15, water-soluble vitamin mixture 1; Diet B, casein 25, 
sucrose 65, corn oil (containing vitamins as given for Diet A) 1, Osborne 
and Mendel salt mixture 4, water-soluble vitamin mixture 1, and yeast 
(Anheuser-Bush) 4; Diet C, same as Diet A, except that the level of sul- 
fasuxidine was changed to 1 per cent, and a 2 per cent level of methylfolic 
acid was included, with a suitable adjustment in the amount of sucrose; 
Diet D, same as Diet C, except that the casein was freed of vitamin By: 
by extraction with alcohol. 

Utilization of Methanol for Methyl Synthesis in Deficient and Vitamin- 
Treated Animals—Three groups of experiments were carried out under 
slightly different conditions. 

Two male rats, Nos. 977 and 973, were fed on Diet A for 6 weeks and 
then on Diet C for 1 week, by which time they had stopped growing. The 
animals were then placed again on Diet A and the experiment was started. 
The rats were injected subcutaneously with 0.66 ml. of deuterio-C“- meth- 
anol three times daily; the control animal, Rat 977, received per os 1 mg. 
of folic acid plus approximately 0.5 mg. present in the 14.5 gm. of food 
ingested during the experimental period. The animals were pair-fed. 

Three male rats, Nos. 1, 4, and 6, were fed for 16 days on Diet D, by 
which time they had stopped growing. They were then placed on Diet B 
and received 10 y of vitamin By: intraperitoneally. Rat 4 received 1 mg. 
of folic acid per os and Rat 1 was subcutaneously injected with 1 X 10’ 
units of crude Leucovorin. The injections of C“-methanol were started 
on the following day, 0.33 ml. of C“-methanol being given three times 
daily. During the injection period, Rat 1 received another supplement 
of 1.5 X 10’ units of crude Leucovorin. 

Four male rats, Nos. 60, 61, 63, and 66, were fed for 22 days on Diet A, 
then on Diet C for 7 days, then again on Diet A. If the animals resumed 
growth upon being returned on Diet A, they were placed again on Diet C; 
this procedure was repeated until the animals did not resume growth on 
being placed on Diet A. They were then injected intraperitoneally with 
10 y of vitamin B;2. On the day before the injections of methanol were 
started, intraperitoneal injection of 100 y of folic acid was given to Rat 60, 
1.5 X 10* units of crude Leucovorin were given to Rat 63, and 240 y of 
the calcium salt of Leucovorin were given to Rat 66. The four animals 


2 Osborne-Mendel salt mixture No. 1 (9), Eimer and Amend, New York. 
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were then injected subcutaneously with 0.66 ml. portions of a solution of 
C*-methanol daily. 
The animals were sacrificed after the time periods indicated in Table I 


Taste I 
Administration of Labeled Methanol 
Diet | Weight of 
Duration | at end| No.of | mM 
period ment 
om. 
977 A 1.5 mg. folie acid 4 172 12 | 27.6 
973 S None 4 154 12 | 27.6 
4 B 1 mg. folic acid 3 70 9 0.93 
6 None 3 73 0.93 
1 S 2.5 X 10’ units crude Leucovorin 3 58 9 0.93 
60 A 100 y folie acid 1.4 142 5 1.02 
61 a None 1.4 133 5 1.02 
63 " 1.5 X 10* units crude Leucovorin 1.4 174 5 1.02 
66 aes 240 y Leucovorin 1.4 178 5 1.02 
Tasie II 
Isotopic Content of Methanol and Trimethylamine 
| Methanol Trimethylamine chloroplatinate 
Rat Supe! Deuterium 
| meet | ls 
In com- 
alom alom atom 
c.p.m. per per cont | per cont | ¢.p.m. per ¢.p.m. per mu | per cont | per cont 
ezcess excess excess 
977; Folic acid | 2.77 K 10% 88.4 | 36.9 | 5.08 k 10% 8.45 < 10% 0.45 | 0.50 
None 2.77 XK 10% 88.4 | 36.9 | 1.93 k 10% 3.22 x 10% 0.13 | 0.15 
4) Folic acid | 2.11 10° 37.2 | 6.68 10% 11.13 10° 
None 2.11 10° 36.9 | 1.87 10% 3.22 
1} Leucovorin | 2.11 10° 37.2 | 4.27 10% 7.12 10° 
(crude) 
Folic acid | 2.11 X 10° 37.2 | 2.93 x 10% 4.88 x 10 
61; None 2.11 X 10 36.7 | 0.75 x 10% 1.25 < 10° 
Leucovorin | 2.11 < 10’ 36.8 | 6.09 x 10% 10.15 x 10° 
(crude) 
Leucovorin | 2.11 X 107 37.2 4.04 X 108 6.73 x 10¢ 


* Theoretical Pt content, 37.0 per cent. 
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and the choline was isolated and degraded to trimethylamine. The C™“ 
and deuterium contents of the trimethylamine chloroplatinates and the 
administered methanol, determined by methods described previously (3), 
are given in Table II. 


DISCUSSION 


The results of these experiments show that the synthesis of the methyl 
group of choline from methanol is decreased in the folic acid-deficient rat; 
an increase in the degree of synthesis results from the administration of 
either folic acid or Leucovorin. In this connection it is to be noted that 
Sakami and Welch (10) have observed that the addition of folic acid to 
liver slices from folic acid-deficient rats increased the amount of methy! 
synthesis from radioformate, and Stekol, Weiss, and Weiss (11) have re- 
ported an effect of folic acid on methyl! synthesis from radioformate in the 
rat. It should also be recalled that Plaut, Betheil, and Lardy (12), in a 
study on the relationship of folic acid to formate metabolism with C"- 
formate in the rat, noted that folic acid-treated rats fixed about 10 times 
as much C" into liver protein and 3 times as much into viscera protein as 
did the folic acid-deficient rats. 

It should be reemphasized that the isolation of choline with the C" in 
its methyl group does not necessarily mean that it is in the synthesis of 
choline that the newly formed methyl] group occurred. What it does mean 
is that some compound possessing a “biologically labile” methyl group has 
been synthesized in the body. The labile methyl group might well first 
be formed in the synthesis of another labile methyl compound and then 
reach choline through transmethylation. 


SUMMARY 


It has been demonstrated that the amount of the C“ carbon of labeled 
methanol appearing in the methyl group of tissue choline is less in the case 
of the folic acid-deficient rat than in one receiving folic acid or Leucovorin. 


The authors wish to acknowledge the assistance of Miss Dorothy Arata 
in the preparation of the animals. 
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FASTING AND HEPATIC LIPOGENESIS FROM C*“-ACETATE* 


Br I. LYON, M. 8. MASRI, anp I. L. CHAIKOFF 
(From the Division of Physiology of the University of California School of Medicine, 
(Received for publication, December 3, 1951) 


The present report deals with the utilization of C“-acetate by rat liver. 
It is shown here that the conversion of acetate to fatty acids suffers under 
the influence of fasting. The ability of the liver to convert acetate to 
fatty acids is almost completely lost when food is withheld for as short 
an interval as 18 hours. The importance of carbohydrate in this effect 
is suggested by the finding that the administration of carbohydrate alone, 
at the end of such a fast, resulted in complete restoration of the liver’s 
ability to form fatty acids at the expense of the added acetate. 


EXPERIMENTAL 


Dietary Treatment of Rats—Male rats of the Long-Evans strain were 
used throughout. For 3 or more days before they were sacrificed they 
were fed either the high carbohydrate Diet A, described by Masoro et al., 
that contained 60 per cent glucose (1) or a stock diet that contained about 
55 per cent carbohydrate, 26.5 per cent protein, and about 9 per cent fat. 
Unanesthetized rats were intubated with glucose, fat, or a protein hy- 
drolysate by means of a No. 10 French rubber male urethral catheter. 

Incubation Procedure—The rats were sacrificed by a sharp blow on the 
head, and their livers were quickly excised. Each liver was placed in a 
Petri dish containing cold Krebs-Henseleit bicarbonate buffer (2), and 
sliced free-hand with a razor blade. Slices about 0.5 mm. in thickness 
were gently blotted, weighed, and transferred to incubation flasks, about 
500 mg. per flask. Each flask contained 5 cc. of the buffer solution and 
5 wm of acetate doubly labeled with C“. This acetate was prepared 
by the method of Barker and Kamen (3), and a single sample was used 
throughout this study. The exact details of this incubation procedure 
have been described elsewhere (4). 

Analytical Procedure—The collection and determination of the C“O, 
evolved have been dealt with in an earlier report. The extraction of total 
lipides from the entire incubation mixture and the determination of the 
fatty acid-C™ content of this extract were carried out as described by 

* The work reported here was supported by a contract from the Veterans Ad- 
ministration upon recommendation of the Committee on Veterans Medical Prob- 
lems of the National Research Council. 


25 


26 FASTING AND HEPATIC LIPOGENESIS 


Masoro ef al. (1). A separate portion of slices was taken from each liver 
immediately after slicing for analysis of its total carbohydrate content 
(5-7). 


Results 
Effect of Fasting on Conversion of Acetate to CO, and Fatty Acids by Liver 


Liver slices from non-fasted rats incorporated approximately 25 per 
cent of the added acetate-C™ into CO, and about the same amount into 
fatty acids (Table 1). No marked change in these recoveries was noted 
in the experiments carried out with the livers of rats that had been de- 


Taste I 
Effect of Fasting on Conversion of Acetate to Fatty Acids by Surviving Liver Slices 
The rats were fed the high carbohydrate Diet A for 3 days before they were sac- 
rificed. They weighed 195 + 24 gm. at the start of the fast. Incubation for 3 
hours at 37.5°. 


Per cent of added acetate-C™ 
| Liver slices in 2 flasks secovered per gm. liver as 
Rat No. Hrs. fasted 


| 
| Wet weight Lipides Fatty acids 


mg. per ceni per cent 
1 0 1030 6.5 3.2 24.5 26.4 
2 6 1045 5.1 1.5 22.3 26.3 
3 12 1053 4.7 4.2 22.5 16.9 
4 18 1030 5.3 4.4 20.5 0.4 
5 72 1011 7.6 1.6 30.6 0.1 


prived of food for only 6 hours. By the time 12 hours had elapsed, how- 
ever, a pronounced reduction in the recovery of fatty acid-C" was ob- 
served. The liver of the rat fasted for 18 or 72 hours had lost almost 
completely the capacity to form fatty acids from acetate. 

Fasting for these short intervals did not decrease the CO, recoveries. 


Stimulating Action of Intubated Glucose on Hepatic Lipogenesis 


The liver of non-fasted rats, as noted above, converted about 25 per cent 
of the added acetate-C" to fatty acids. When such rats were fed 5 gm. of 
glucose by stomach tube and sacrificed 6 hours later, their livers showed 
a surprising increase in capacity to form fatty acids from added acetate. 
In four animals so studied, the fatty acid-C" recovered amounted to 45 to 
50 per cent (Table I1). This acceleration in lipogenesis was accompanied 
by reduced recoveries in C“O,. A total of about 70 per cent of the added 
C™ was accounted for by CO, and fatty acids. 
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Taste II 


Effect of Single Feeding of Glucose on Lipogenesis in Unfasted Rat Liver 
Each rat was fed the high carbohydrate Diet A for 3 days. Glucose was admin- 
istered by stomach tube in a volume of 7 ce. The rats weighed 203 + 11 gm. at the 
time they were sacrificed. 


| Interval | Composition of liver slices contained in mee og 
Glucose fed | Detween | liver as 
Rat No, | by stomach | .fininistra- 
tion and | 
sacrifice | Wet weight Lipides acids 
cm. | Ars | me. per cent per cent 
0 1015 6.3 6.1 2.4 | 
2 5 6 1012 4.6 9.5 15.0 45.7 
eer 5 6 1003 4.3 8.9 18.2 45.8 
4 5 6 1011 4.3 8.1 17.2 46.9 
5 5 6 982 4.6 3.0 18.8 49.8 


PERCENT ACETATE - c'* FOUND IN FATTY ACIDS 


@ FED 5 GM GUCOSE 
AT START OF FAST 


8 


10+° NOT FED 
GLUCOSE AT 
START OF FAST 
A i 
“0 12 18 24 
HOURS FASTED 


Fic. 1. Stimulating action of glucose on hepatic lipogenesis from acetate. For 
explanation, see the text. 


The intimate relation that exists between carbohydrate ingestion and 
lipogenic capacity of the liver is further emphasized by the data in Fig. 
1, in which the effects of fasting on the conversion of acetate-C™ to fatty 
acids by livers of two groups of rats are compared. The rats of one group 
received 5 gm. of glucose at the start of a fast, whereas those of the second 
group received no glucose. It is clear that the previous administration of 
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glucose delayed the loss of lipogenic capacity that results from fasting. a 
The stimulating action of glucose was still evident 12 hours after its ad- tl 
Taste III 
Effect of Single Feeding of Glucose on Lipogenesis in Liver of Fasted Rats , 
The rats were fed the high carbohydrate Diet A for 3 days before they were fasted. 
The 5 gm. of glucose were dissolved in 7 cc. of water and administered by stomach 
tube. The rats weighed 173 + 33 gm. at the time they were sacrificed. 
Composition Per cent of added 
Prelimi- |, between glucose 
nary fast lat end of fast! sacrifice 
1 18 None 1008 5.2 1.4 32.2 7.4 ] 
2 18 “ 1012 5.2 1.4 32.4 1.9 
3 36 “ 1003 9.4 1.8 32.0 2.2 
4 36 1012 7.6 1.6 23.9 3.9 
5 18 5 6 1003 5.2 4.9 21.1 28.3 
6 18 5 6 1002 4.7 7.7 15.4 43.6 
7 18 5 12 1001 5.4 5.6 22.2 32.2 
8 18 5 12 1007 7.0 6.2 23.4 36.7 
9 18 5 18 1001 7.7 3.0 31.1 11.7 
10 18 5 18 1005 6.7 3.3 30.3 16.2 
TaBie IV 
Effect of Single Feeding of Fat on Lipogenesis in Liver of Fasted Rats 
The rats were fed the stock diet for 7 days before they were fasted. The fat 
intubated was corn oil (Mazola, Corn Products Refining Company, Argo, Illinois), 
The rats weighed 128 + 17 gm. at the time they were sacrificed. 
Composition of liver slices Per cent of added 
Fat Interval contained in 2 flasks ( 
Rat No. | 
at end of fast “and sacrifice | we, Total Fatty 
weight | Livides acids 
hrs ct. hrs. me per cent | per cent 
11 18 None 1014 6.2 0.8 15.7 3.4 
12 18 “ 1017 4.4 0.9 17.3 2.9 
13 36 “ 93 7.4 | 1.4 | 18.0 | 4.5 
14 36 1 1026 5.0 2.1 27.8 2.1 . 
15 18 2.5 | 6 990 7.3 1.2 6.0 5.9 ‘ 
16 18 2.5 | 6 1005 9.8 1.2 7.2 9.9 ! 
17 18 2.5 12 1013 6.6 1.2 14.4 2.7 { 
18 18 1012 1.1 | 16.5 
19 18 2.5 | 18 1012 9.8 1.4 16.2 6.5 
20 18 | 2.5 | 18 1008 8.1 1.5 20.2 6.2 ‘ 
] 
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ministration, at which time the livers converted as much as 35 per cent of 
the acetate carbons to fatty acids. By the time 18 hours had elapsed, 
however, the fatty acid-C™ recoveries by the livers of the glucose-fed rats 
were only slightly above those observed in the livers of the fasted control 
rats. 


TaBie V 
Effect of Single Feeding of Protein on Lipogenesis in Liver of Fasted Rats 
The rats were fed the stock diet for 7 days before they were fasted. The protein 
was intubated as an aqueous suspension of a casein hydrolysate.* Rats 1 through 
10 weighed 204 + 44 gm. at the time they were sacrificed; Rats 11 and 12 weighed 
136 and 145 gm., respectively. 


| Composition of liver | Per cent of added 
Interval slices contained in 2 | acetate-C™ recovered 
Experi- Prelimi- | Protein | between pro- flasks per gm. liver as 
ment | Rat No. fast &t,end of fast, tein adm 
weight hydrate 
1 1 18 None 995 2.5 | 1.8 17.3 0.7 
2 18 - 1001 | 2.3 | 1.6 16.5 0.5 
3 36 = 997 | 2.8 | 2.7 32.0 2.4 
4 36 1022 3.0 | 2.1 37.3 0.9 
5 18 5t 6 1004 «11.8 | 2.7 20.5 1.7 
6 18 5t 6 1005 | 2.0 | 2.1 20.6 1.9 
7 18 5t 12 1011 3.8 | 3.9 | 35.2 3.6 
8 18 5t 12 1003 «2.6 | 3.5 25.2 4.6 
9 18 5t 18 998 3.3 | 4.2 | 30.7 11.5 
10 18 5t 18 1007 (3.5 | 4.7 | 28.7 15.6 
2 11 18 3 6 1013. 4.7 1.7 8.6 17.1 
12 18 3 12 1005 | 8.2 | 3.2 | 25.2 10.0 


* Total acid hydrolysate of casein fortified with 0.5 per cent tryptophan (Stuart 
Company, Pasadena, California). Total N, 12.5 per cent; a-amino N, 10.0 per 
cent 


t The suspension containing 5 gm. of the hydrolysate in a total aqueous volume 
of 10 cc. was very viscous. 


That the feeding of glucose alone can restore lipogenesis from added 
acetate in the fasted liver is shown in the data of Table III. Rats 1 to 4 
were fasted for either 18 or 36 hours and then sacrificed; their livers in- 
corporated from 2 to 7 per cent of the acetate-C™ into fatty acids. Rats 
5 to 10 were first fasted for 18 hours, then fed 5 gm. of glucose by stomach 
tube, and sacrificed 6, 12, or 18 hours thereafter; they had access to water 
but not food after the glucose administration. The livers of the rats 
sacrificed 6 hours after the administration of the glucose showed a strik- 
ingly high lipogenic capacity, indeed higher than that of the normal, non- 
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fasted rat. Pronounced effects of the glucose were still evident 12 and 
18 hours after its administration. 


Effects of Fat and Protein Feeding on Hepatic Lipogenesis in Fasted Rats 


The effects of feeding fat to fasted rats in amounts approximately iso- 
caloric with 5 gm. of glucose are shown in Table IV. The intubation of 
2.5 ce. of corn oil had no effect on the incorporation of added acetate into 
fatty acids. However, 6 hours after fat administration the CO, re- 
coveries were depressed. These recoveries rose to normal levels 12 to 18 
hours after fat feeding. 

In Experiment 1 (Table V), 10 cc. of an aqueous suspension containing 
5 gm. of an acid hydrolysate of casein were fed by stomach tube to fasted 
rats, and the capacity of their livers to incorporate acetate carbon into 
fatty acids was measured 6, 12, and 18 hours later. The fatty acid-C"™ 
recoveries were somewhat increased 6 and 12 hours after administration 
of 5 gm. of the hydrolysate, and by the time 18 hours had elapsed the 
increase was rather pronounced. A concomitant depression in the C"O, 
recoveries was not noted here. 

In Experiment 2, in which a less viscous suspension of the casein hydro- 
lysate was used, a pronounced stimulation in fatty acid-C™ recoveries was 
observed at 6 and 12 hours. 


DISCUSSION 


Fasting diminished drastically the capacity of the liver of the normal 
rat to form fatty acids from added acetate. This effect is observed as 
early as 12 hours after food is withheld, and by the time 18 hours have 
elapsed the liver loses almost completely its ability to incorporate acetate 
carbon into fatty acids. The likelihood that the absence of carbohydrate 
in the diet is principally responsible for the loss in lipogenesis at these 
early intervals is shown in four types of experiments: (1) the administra- 
tion of extra carbohydrate alone, just before the start of the fast, delayed 
the decline in the lipogenic capacity of the liver; (2) even when liver lipo- 
genesis was depressed following fasting, a single administration of 5 gm. of 
glucose resulted in the restoration of lipogenesis from added acetate to an 
extent exceeding that observed in rats fed ad libitum; (3) a single feeding 
of 2.5 ec. of corn oil, approximately equal in caloric value to 5 gm. of glu- 
cose, did not restore lipogenesis in the fasted liver; (4) although the feeding 
of an isocaloric amount of a casein hydrolysate did stimulate lipogenesis 
from added acetate, the extent of stimulation was in no way comparable 
with that observed when glucose was fed. 

It was pointed out in an earlier communication that, while the liver of 
the fasted rat loses its ability to convert added C'*-glucose to fatty acids, 
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the oxidation of the added glucose to CO, remains relatively unimpaired, | 
particularly in the early intervals of fasting (1). In the present study, it. 
was found that, while the recoveries of fatty acid-C" fell off rapidly with 
fasting, the C“O, recoveries actually rose. These findings suggest that, 
glycolytic and oxidative enzyme systems may be intact in the liver which, 
has lost its ability to form fatty acids from acetate. 

The well known réle of insulin in stimulating hepatic lipogenesis (4, 8, 9) 
raises the question whether the effect of fasting observed here with C™-. 
acetate is secondary to a reduction in circulating insulin that, presumably, 
results from fasting (10). Even though we have observed that the ad- 
dition of glucose alone to the incubation medium increases lipogenesis from 
acetate in the fasted liver, the possibility that this stimulation is depend- 
ent upon insulin cannot be ruled out. In this connection it is of interest 
to review here some observations with regard to the diabetic liver that 
may provide a clue to the mechanism of action of glucose in hepatic lipo- 
genesis (11). The liver of the diabetic rat fed a high glucose diet loses 


partly its capacity to oxidize glucose to CO, and almost completely its 
capacity to convert acetate to fatty acids. This defect in lipogenesis 
from acetate doés not appear when diabetic rats are previously fed with 


fructose. Since fructose is oxidized to CO, at normal rates by the diabetic 
liver, it was suggested that the fructose feeding, by circumventing the 
initial block in glucose utilization in the diabetic liver, provided a con- 
tinuous source of substrates in the glycolytic enzyme system. That a 
high activity in this system is required for maintenance of lipogenesis in 
the liver was therefore postulated. As a corollary, the failure in lipo- 
genesis in the fasted liver might be considered to result from a reduction 
in glycolytic activity. 


SUMMARY 


1. The incorporation of acetate carbons into fatty acid and their oxida- 
tion to CO, were investigated in surviving liver slices prepared from rats 
previously brought into various nutritional states. In each experiment, 
500 mg. of liver slices were incubated for 3 hours with 5 um of C-labeled 
acetate. 

2. About 25 per cent of the added C™ was recovered as fatty acids and 
about 20 to 25 per cent as CO, in experiments with livers of rats fed ad 
libitum. In similar experiments with livers of rats fasted for 6, 12, and 18 
hours, the average fatty acid-C™ recoveries were 25, 12, and 3 per cent, 
respectively, whereas the average C"O, recoveries ranged from 20 to 30 
per cent. 

3. The oral administration of glucose resulted in a pronounced increase 
in the liver’s capacity to convert added acetate to fatty acids. In the 
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case of the rat fed ad libitum, 6 hours after a single administration of 5 gm. 

of glucose its liver incorporated as much as 50 per cent of the added ace- 

tate-C™ into fatty acids. In the case of the rat fasted 18 hours, the ad- 

ministration of the same amount of glucose raised the fatty acid-C™ re- 

coveries from a fasted level of 2 to 7 per cent to as high as 40 per cent. 
4. The intubation of 2.5 cc. of corn oil failed to stimulate lipogenesis in 

the fasted liver. A similar feeding of 5 gm. of casein hydrolysate did 

stimulate lipogenesis in the fasted liver, but the effect was in no way com- 

parable with that observed with 5 gm. of glucose. 

5. The mechanism of glucose action on hepatic lipogenesis is discussed. 
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TRYPTOPHAN REQUIREMENT FOR GROWTH AND 
UTILIZATION OF ITS OPTICAL ISOMERS* 


By M. JANE OESTERLINGt ann WILLIAM C. ROSE 
(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 
(Received for publication, December 10, 1951) 


The optical isomers of tryptophan have generally been regarded as 
equally effective in promoting the growth of rats. This opinion is based 
upon the results of early investigations (1-3) in which the dietary con- 
ditions then necessarily employed were hardly comparable to those used 
in present day studies. Experimental diets are now more adequately 
supplemented with vitamins, and possess other qualities which enable 
them to support more rapid growth; consequently, they afford a more 
sensitive indication of the effectiveness of various compounds in sub- 
stituting for essential nutrients. Attention has been directed anew to the 
relative activities of L- and p-tryptophan for purposes of growth by evi- 
dence presented in recent publications from this laboratory (4, 5). 

Before a satisfactory comparison can be made of the growth-promoting 


properties of two isomeric compounds, knowledge must be acquired con- 


cerning the minimum amount of the natural enantiomorph which is cap- 
able of supporting maximum gains. This quantity is herein designated 
as the minimum requirement. If the unnatural isomer is not so effective as 
the natural, the growth response will be less for a given dose, providing 


that the latter is not in excess of the minimum requirement, thereby com- 


pensating for less efficient utilization. Tentative minimum requirements 
for all of the essential amino acids were published in 1937 (6). However, 
for reasons set forth in a recent communication (7), some changes in these 
values may be necessary in view of the marked improvements which have 
been instituted during recent years in the quality of the basal ration (8). 
Furthermore, since tryptophan is now known to be used for the synthesis 
of nicotinic acid in the rat (9, 10), the presence or absence of this vitamin 
might conceivably affect the requirement of the organism for the amino 
acid. 
Experiments designed to answer these questions are herein reported. 
The findings show that p-tryptophan is utilized less efficiently by the rat 

* Aided by grants from the United States Public Health Service and the Graduate 
College Research Fund of the University of Illinois. 

t Present address, Department of Physiological Chemistry, Woman’s Medical 
College of Pennsylvania, Philadelphia, Pennsylvania. 
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than is L-tryptophan and that, despite the growth stimulation exerted by 
nicotinic acid in animals receiving suboptimum amounts of tryptophan, 
the absence of the vitamin from the food has no demonstrable effect upon 
the tryptophan requirement. 


EXPERIMENTAL 


The L-tryptophan used in the present investigation was a natural prod- 
uct which had been isolated from casein. p-Tryptophan was obtained by 
resolution of the brucine salt of N-acetyl-pL-tryptophan according to the 
method of Shabica and Tishler (11). The compound was recrystallized 
four times by the procedure of Snyder and Smith (12). Purity was estab- 
lished by analysis for nitrogen and measurement of optical rotation. The 
results are indicated below. 


p-Tryptophan Calculated, N 13.72; found, N 13.62 
lalp = +32.3° (0.5% in water) 
Berg (13) reports for p-tryptophan a specific rotation of +32.45° (0.5 
per cent in water). 
Male weanling rats served as the subjects. After being housed sepa- 


rately in cages with raised bottoms, and after the growth of the animals for 


2 or 3 days on a diet of fox chow was observed, each litter was divided 


into groups as equitably as possible on the basis of body weight and rate 


of gain. Several litters were used for each comparison. Throughout, 
the animals were permitted to consume food and water ad libitum. All 


tests were continued for 28 days. The amino acids which furnished the 
nitrogen of the rations were purified invariably until they yielded correct | 


analytical values. 


In Table I is presented the make-up of the basal diet. The amino 


acid mixture (Mixture XXIII-e) was identical in composition with Mix- 
ture XXIII (ef. (5)), except that it was devoid of tryptophan and fur- 
nished 0.2 gm. of L-aspartic acid instead of 0.4 gm. of the racemic acid per 
100 gm. of food. The substitution of L- for pL-aspartic acid does not alter 
the rate of gain of the subjects. The desired quantities of L-, D-, or D1- 
tryptophan were added to the basal diet at the expense of the dextrin. 
All diets were appropriately supplemented with vitamins. For this 
purpose, the quantities listed in Table II were thoroughly admixed with 
each kilo of ration. Attention is called to the fact that, contrary to our 
usual practice, liver extract was omitted from the basal diet and nicotinic 
acid from the vitamin supplements. Because of the metabolic relation- 
ship between tryptophan and nicotinic acid, all extraneous sources of these 
compounds were excluded from the food, except as indicated below. Very 
satisfactory growth may be obtained, at least for a period of 28 days, 
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without the presence of liver extract. In certain experiments, the rations 
were supplemented with liver extract, nicotinic acid, or both. When 
this occurred, the liver extract (0.4 gm.) replaced an equal weight of dex- 


Taste I 
Composition of Basal Diet 

gm. 
Amino acid Mixture XXIIl-e.................0.......... 16.42 
2.00 
Vitamin A and D 0.05 

| 100.00 


. Jones and Foster (14). 


t This contained 65,000 U. S. P. units of vitamin A and 13,000 U.S. P. units of 


vitamin D per gm. 


II 
Vitamin Supplements 


| Added to each kilo of diet 


Pyridoxine 
2-Methyl-1,4-naphthoquinone. 


— 


trin in the basal diet. The nicotinic acid (5 mg.) was added to the vi- 


tamins listed in Table II. 


L-Tryptophan Requirement—In Table III are summarized the results 
of three series of experiments designed to determine the L-tryptophan 
requirement for growth. The tests involved the use of 262 male animals. 
In Series I, the diets were devoid of both liver extract and nicotinic acid. 


In Series II, the subjects received nicotinic acid but no liver extract. In 
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Series III, both nicotinic acid and liver extract were incorporated in the 


food 


The data obtained in Series I and II show that the L-tryptophan re- 


TABLE 


III 


Growth on Different Levels of t-Tryptophan* 
The experiments covered 28 days each. 


Litter 
mate L-Tryptophan, per cent 
| Diet supplements 
em. gm. em. om. - 
104.9 105.5 No nicotinic 
+1.9 (17)\42.1 (17) acid and no 
2 99.5 102.0 liver extract 
+1.4 (15)}41.6 (15) 
3 77.7 103.3 
+2.1 (15) 41.9 (15) 
4 39.5 92.9 
+2.0 (10) +1.6 (10) 
General 39.5 77.7 99.3 103.5 105.5 
means +2.0 +2.1 +1.0 +1.3 +1.4 
II 5 106.1 104.4 Nicotinie acid} 
+1.1 (15)i41.7 (15) but no liver 
6 110.0 107.4 extract 
+1.7 (16)\+1.8 (16) 
7 84.1 93 .7 
+1.9 (16) 42.2 (16) 
8 | 69.3 101.5 
+4.2 (6) +1.6 (6) 
General 69.3 84.1 101.9 106.8 103.6 
means (44.2 (41.9 (41.5 [41.0 {41.2 | 
Ill 9 109.4 115.7 107.1 acid 
(14)|+1.2 (14)'+2.0 (14) and liver ex- 


| 


tract§ 


* Vertical Columns 3 to 7 show the mean gain in weight and the probable error of 
the mean obtained with each of the indicated percentages of L-tryptophan in the 
diet. The figures in parentheses denote the number of animals (males only) in 


each group. 


t Except in the case of the general means, the figures appearing on the same 
horizontal line represent the results of litter mate comparisons. 

t 5 mg. per kilo of diet. 

§ 4 gm. of Wilson’s liver powder, 1:20, per kilo of diet. 
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quirement is in excess of 0.125 per cent. However, the findings with the 
higher levels of the amino acid are not quite so clear. Direct litter mate 
comparisons between levels of 0.15 and 0.20 per cent (Comparisons 2 and 
6) show essentially the same growth. Neither in Series I nor Series II 
is the slight difference in mean gains upon the two intakes statistically 
significant. This is true also of the corresponding figures in the general 
means of each series. However, an examination of these general means 
reveals a trend toward slightly better growth at the 0.20 per cent than at 
lower levels. Furthermore, this is observed in Series III, in which the 
diets carried both nicotinic acid and liver extract. As emphasized in a 
recent paper (7), one should probably err in the direction of excessive 
liberality in establishing the minimum intake of a dietary essential rather 
than risk the possibility of adopting an inadequate figure. Furthermore, 
regardless of the number of animals employed and the care with which the 
experimental conditions are standardized, the biological variability in- 
herent in such tests does not warrant attempts to draw conclusions of 
exaggerated precision. Because of these considerations, and despite the 
fact that a statistical analysis reveals little basis for a choice between 0.15 
and 0.20 per cent, the latter should probably be regarded as the minimum 
level of L-tryptophan. By so doing, one insures the presence in the food 
of a sufficient quantity of the amino acid to support maximum growth 
under the conditions specified. It so happens that 0.20 per cent is the 
level tentatively suggested in 1937 (6), following tests upon a relatively 
small number of animals under the less satisfactory dietary conditions 
then employed. 

With respect to the effect of nicotinic acid and liver extract, the data 
obtained in Series I and II (Table III) show that the presence of nicotinic 
acid definitely stimulates growth when the diets contain 0.10 per cent of 
L-tryptophan. At a level of 0.125 per cent of L-tryptophan, the difference 
is slight and is not statistically significant. With higher levels of the 
amino acid, no demonstrable influence is exerted by the presence of the 
vitamin. When both nicotinic acid and liver extract are included in the 
food (Series III). a tendency is observed toward slightly better growth 
than when nicotinic acid alone is present. It will be noted also that within 
Series I and II different groups of animals upon the 0.15 per cent level of 
L-tryptophan varied considerably in their mean growth performance. In 


' view of this fact, direct litter mate comparisons of the influence of nico- 


tinic acid were undertaken. For this purpose, twenty animals were placed 
upon a ration containing 0.125 per cent of L-tryptophan and thirty upon a 
like ration containing 0.15 per cent of the amino acid. Half of each group 
received 5 mg. of nicotinic acid per kilo of food. The results are sum- 
marized as Series IV in Table IV. 
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Omitting for the moment the experiment involving D-tryptophan (Com- 
parison 16) which will be refarred to later, one sees that at the lower level 
(0.125 per cent) of L-tryptophan the inclusion of the vitamin induced a 
statistically significant increment in the mean gain of the subjects. How. 
ever, this was not the case at the higher (0.15 per cent) level. Evidently, 
the presence of nicotinic acid is beneficial only when the food furnishes a 
distinctly inadequate amount of tryptophan, and thereby limits the syn- 
thesis of the vitamin. On the other hand, the quantity of tryptophan 
which is transformed into ‘iicotinic acid must be quite small. This aec- 
counts for the fact that the absence of the vitamin exerts no measurable 


TasBie IV 
Effect of Nicotinic Acid on Growth at Two Levels of Dietary Tryptophan* 
The experiments covered 28 days each. 


— 


No. — With nicotinic acid{ Without nicotinic acid | notes 


(1) (2) (3) (4) | (3) 


IV 14 85.6 41.7 (10) 58.2 + 2.2 (10) | 0.125% u-tryptophan 
08.3 + 1.7 (15) 106.7 + 1.0 (15) 0.15% L-tryptophan 
444.7 (5) 47.6 + 3.2 (5) 0.15% v-tryptophan 


* Vertical Columns 3 and 4 show the mean gain in weight and the probable errer | 
of the mean obtained with each of the indicated percentages of L- or p-tryptophan, | 
with and without the presence of nicotinic acid in the diet. The figures in paren- [ 


theses denote the number of animals (males only) in each group. 


t The figures appearing on the same horizontal line represent the results of lit- : 


ter mate comparisons. 
t 5 mg. per kilo of diet. All the diets were devoid of liver extract. 


effect upon the tryptophan requirement when the diet carries 0.15 per f 


cent of the amino acid. 

Fig. 1 shows graphically the relationship between the mean gains of 
the animals and the level of L-tryptophan in the food, with and without 
the presence of nicotinic acid. Curve A summarizes the findings in all 
of the tests (131 rats) of the entire investigation involving the use of diets 
containing L-tryptophan and nicotinic acid, but no liver extract. Simi- 
larly, Curve B represents the results of all tests (206 rats) in which the 
rations contained L-tryptophan, but neither nicotinic acid nor liver extract. 

One will observe that a level of 0.15 per cent of L-tryptophan appears to 
be critical in that it marks an inflection in the dosage-response curve, 
above which only a slight improvement in growth is observed but below 
which the magnitude of the gain is profoundly reduced. Attention is 
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called particularly to the fact that the first three points of Curve B lie on 
a straight line, thereby demonstrating that, other conditions being iden- 
tical, the rate of increase in body weight is proportional to the percentage 
of L-tryptophan in the food until a level of 0.15 per cent is attained. This 
is an observation of considerable significance inasmuch as it should enable 
one to calculate, with a fair degree of accuracy, the extent to which any 
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PER CENT L-TRYPTOPHAN 

Fig. 1. Mean gains in weight upon diets containing varying percentages of 
L-tryptophan, with and without the presence of nicotinic acid. The figures in pa- 
rentheses below denote the number of animals upon each level of the amino acid. 
Curve A, diets containing nicotinic acid. Mean gains, 0.10 per cent of L-tryptophan, 
69.3 gm. (6); 0.125 per cent, 84.7 gm. (26); 0.15 per cent, 103.9 gm. (47); 0.20 per cent, 
106.8 gm. (31); and 0.40 per cent, 103.3 gm. (21). Curve B, diets devoid of nicotinic 
acid. Mean gains, 0.10 per cent of L-tryptophan, 39.5 gm. (10); 0.125 per cent, 69.4 
gm. (25); 0.15 per cent, 99.1 gm. (95); 0.20 per cent, 102.2 gm. (59); and 0.40 per cent, 
105.5 gm. (17). 


compound capable of yielding L-tryptophan is converted into the latter 
in vivo. An application of this principle will be referred to later in this 
paper. 

Relative Effectiveness of L-, and pi-Tryptophan—Having determined 
the minimum percentage of L-tryptophan which is capable of supporting 
maximum growth, tests were next undertaken to establish the effectiveness 
of p- and pL-tryptophan. For this purpose, comparisons were made of the 
gains induced by each of the latter at levels of 0.15 and 0.20 per cent. 
Throughout, litter mate controls received L-tryptophan. The results are 
presented as Series V in Table V. 


om- 

vel 

da 

ow- 

tly, 

Sa 

yn- 
han 

ible 

n 

ror 

an, 

en- 

lit- 

eT 

of | 

all 

ats 

ni- 

he 

to 

yw 

is 


40 TRYPTOPHAN AND GROWTH 


An examination of the data reveals the fact that, at a level of 0.20 per 
cent, pi-tryptophan is just as effective as the L-amino acid (Comparison 
10). At the lower level (0.15 per cent), slightly slower growth appears to 
have been induced by the racemic mixture than by the natural isomer 
(Comparison 11). Of the twenty-five animals which received 0.15 per 
cent of L-tryptophan, the mean gain was 99.2 + 1.0 gm. Of the twenty- 
five litter mates which received the same percentage of pL-tryptophan, 


TaBLe V 
Comparative Growth on L-, and pi-Tryptophan* 
The experiments covered 28 days each. 


| pe-Tryptophan, D-Tryptophan, 
P rd per cent per cent per cent | 
Zz | Diet notes 
| ts 0.20 0.15 020 
(1) | (2) | edt (7) ® | ©) 
Vv 10 (9.7 101.9 diets 
$1.2 (14) (14) devoid 
11 99.2 of nico- 
+1.0 (25) 1.1 (25) tinie 
12 101.8 | | 9.7 acid and 
| +1.4 (13) | +1.4 (13) _ liver ex- 
| 56.2 tract 
42.1 (15) | | +2.2 (15) | 


* Vertical Columns 3 to 8 show the mean gain in weight and the probable error 
of the mean obtained with each of the indicated percentages of L-, p-, or pL-trypto- 
phan in the diet. The figures in parentheses denote the number of animals (males 
only) in each group. 

t The figures appearing on the same horizontal line represent the results of lit- 
ter mate comparisons. 


the mean gain was 93.7 + 1.1 gm. Thus, the mean difference in favor of 
the rats which received L-tryptophan is 5.5 gm. However, the ratio of 
the mean difference to the probable error of the difference is only 3.6. 
This implies that the odds against the difference being due to chance alone 
are approximately 65 to 1. Most investigators are inclined to regard odds 
of less than 100 to 1 as being of doubtful significance. 

More decisive results were obtained in the comparisons involving p-tryp- 
tophan. At a level of 0.20 per cent (Comparison 12), the data suggest a 
superiority of the L isomer over its enantiomorph; however, the mean 
difference in gain is only 7.1 gm., and the ratio of the mean difference to 
the probable error of the difference is again approximately 3.6. On the 
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other hand, at the 0.15 per cent level (Comparison 13), L-tryptophan is 
decidedly more effective than p-tryptophan. Of the fifteen rats which 
received the natural isomer, the mean gain in weight was 91.1 + 2.1 gm., 
while an equal number of litter mate controls which received the D amino 
acid showed a mean gain of only 56.2 + 2.2 gm. The difference of 34.9 
gm. is highly significant. 

The above findings can be explained on the basis of an incomplete in- 
version of p-tryptophan in the organism of the rat. Since Curve B of 
Fig. 1 demonstrates a straight line relationship between the mean gain 
in weight and the L-tryptophan content of the food, when the proportion 
of the amino acid lies between 0.10 and 0.15 per cent, one may calculate, 
by simple interpolation, the amount of L-tryptophan which would be 
equivalent in growth effect to each of the levels of p-tryptophan used in 
the experiments of Table V. Thus, the mean gain induced by 0.20 per 
cent of p-tryptophan is equivalent to that which would be expected from 
0.146 per cent of L-tryptophan. Similarly, the mean gain of the subjects 
which received 0.15 per cent of p-tryptophan is equivalent to that which 
would be anticipated from 0.114 per cent of L-tryptophan. In the first 
instance, the apparent inversion of p-tryptophan amounts to 73 per cent, 
and in the second to 76 per cent. Naturally, the results of these calcu- 
lations must be regarded as approximations only. But the large number 
of animals used in formulating Curve B of Fig. 1 warrants the conclusion 
that roughly three-fourths of the p-tryptophan administered in Com- 
parisons 12 and 13 was transformed into the L isomer. 

Again, the data in Table V show that the mean increments in weight 
induced by 0.15 per cent of pui-tryptophan and 0.20 per cent of p-tryp- 
tophan were essentially the same (93.7 and 94.7 gm. respectively). This 
fact indicates that pL-tryptophan is superior to p-tryptophan for purposes 
of growth. The two groups of animals were not litter mates; therefore, 
the close agreement in gains may have been fortuitous. In any event, 
one may calculate from Curve B, Fig. 1, that approximately 0.145 per 
cent of L-tryptophan must have been derived from 0.15 per cent of pDL- 
tryptophan. This leads to the conclusion that 93 per cent of the p com- 
ponent of the racemic mixture was inverted. Evidently, the superiority 
of the racemic mixture is to be accounted for by the fact that only half of 
any given intake requires inversion. 

In all comparisons of the relative growth effects of L-, p-, and pL-tryp- 
tophan, both liver extract and nicotinic acid were excluded from the food. 
As pointed out above, nicotinic acid stimulates growth whenever the diet 
carries a distinctly insufficient amount of tryptophan. Since 0.15 per 
cent of p-tryptophan is equivalent in growth-promoting ability to only 
0.114 per cent of L-tryptophan, the inclusion of nicotinic acid in a ration 
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carrying the D isomer in the amount indicated should enhance the nutri- 
tive quality of the food. The results of a preliminary experiment of this 
nature are presented as Comparison 16 in Table IV. Despite the small 
number of animals used in the test and the large probable error of the 
mean gains, the difference due to the presence of the vitamin is highly 
significant. Furthermore, a comparison of these findings with those ob- 
tained under identical conditions with 0.15 per cent of L-tryptophan (Table 
IV) serves to reemphasize the inferiority of p-tryptophan for purposes of 
growth. 


SUMMARY 


Experiments have been conducted upon a large number of male weanling 
rats for the purpose of determining the minimum requirement of L-tryp- 
tophan for maximum growth, the effect of dietary nicotinic acid upon 
this requirement, and the relative growth-promoting properties of the 1 
and p forms of the amino acid. 

The results demonstrate that a level of 0.125 per cent of L-tryptophan 
is definitely inferior in its growth effect to a level of 0.15 per cent. Al- 
though no statistically significant difference was observed between 0.15 
and 0.20 per cent, a tendency toward better growth at the higher level was 
noted invariably. In view of this fact, and in order to insure the presence 
of an adequate intake of the amino acid, 0.20 per cent is proposed as the 
minimum requirement. 

With a diet devoid of nicotinic acid, the mean gain in weight of the 
subjects bears a straight line relationship to the L-tryptophan content 
when the latter is varied from 0.10 to 0.15 per cent. 

Litter mate comparisons reveal the fact that p-tryptophan is distinctly 
less effective for growth purposes than is L-tryptophan. This may be 
demonstrated readily at a 0.15 per cent level of intake. Calculations 
show that approximately three-fourths of the p-tryptophan consumed in 
diets containing 0.15 or 0.20 per cent is inverted. 

Nicotinic acid stimulates the growth of rats receiving definitely sub- 
optimum amounts of tryptophan, but the absence of the vitamin from the 
food produces no measurable effect upon the tryptophan requirement. 


BIBLIOGRAPHY 


Berg, C. P., and Potgieter, M., J. Biol. Chem., 94, 661 (1931-32). 

du Vigneaud, V., Sealock, R. R., and Van Etten, C., J. Biol. Chem., 98, 565 (1932). 
Berg, C. P., J. Biol. Chem., 104, 373 (1934). 

Womack, M., and Rose, W. C., J. Biol. Chem., 171, 37 (1947). 

Rose, W. C., Oesterling, M. J., and Womack, M., J. Biol. Chem., 176, 753 (1948). 
Rose, W. C., Science, 86, 298 (1937). 

. Wretlind, K. A. J., and Rose, W. C., J. Biol. Chem., 187, 697 (1950). 


5 


M. J. OESTERLING AND W. C. ROSE 43 


8. Borman, A., Wood, T. R., Black, H. C., Anderson, E. G., Uesterling, M. J., 
Womack, M., and Rose, W. C., J. Biol. Chem., 166, 585 (1946). 

9. Krehl, W. A., Teply, L. J., Sarma, P. 8., and Elvehjem, C. A., Science, 101, 489 
(1945). 

10. Heidelberger, C., Abraham, E. P., and Lepkovsky, 8., J. Biol. Chem., 179, 151 
(1949). 

ll. Shabica, A. C., and Tishler, M., J. Am. Chem. Soc., 71, 3251 (1949). 

12. Snyder, H. R., and Smith, C. W., J. Am. Chem. Soc., 66, 350 (1944). 

13. Berg, C. P., J. Biol. Chem., 100, 79 (1933). 

1. Jones, J. H., and Foster, C., J. Nutr., 24, 245 (1942). 


itri- 
this 
nall 
the 
thly 
ob- 
ible 
of 
ing 
Vp- 
lan 
Al- 
vas 
ice 
he 
he 
‘nt 
ly 
be 
ns 
in 
b- 
he 

XUM 


A 

Pp 

a 

t 

t 

] 

t 

I 

i 


A RADIOCHEMICAL METHOD FOR THE DETERMINATION OF 
MICRO QUANTITIES OF THYROXINE 


By FRANK C. LARSON, DALE M. COULSON,* axnp EDWIN C. ALBRIGHT 


(From the Departments of Medicine and Chemistry, University of Wisconsin, Madison, 
Wisconsin) 
(Received for publication, June 27, 1951) 

Exchange reactions involving molecular iodine and iodine containing 
organic compounds have been observed. Compounds of biological im- 
portance which have been studied include diiodotyrosine (1) and thy- 
roxine (2). Interest in this reaction has been limited to its significance 
as a source of error in interpreting the results of tracer experiments and 
to its use as a simple method of labeling compounds. An adaptation of 
the reaction to the quantitative analysis of thyroxine in aqueous solution 
is here proposed, as a first step in obtaining a method for the quantitative 
determination of serum thyroxine. It is felt that a specific measure of 
serum thyroxine levels would have some advantages over the determina- 
tion of protein-bound iodine as an index of thyroid gland activity. 

Miller ¢¢ al. (1) have demonstrated that the reaction of radioactive iodine, 
I, with diiodotyrosine iodine, I, is sensitive to temperature, occurs 
exclusively in the acid pH ranges, and is catalyzed by I°. The present 
study shows that a similar exchange reaction involving thyroxine is sensi- 
tive to the same factors. With careful control of these factors and the 
reaction time, a quantitative radiochemical method for the determination 
of thyroxine is possible, based on measurement of exchanged radioactivity 
in the thyroxine. The method is sensitive to quantities as small as 0.1 +. 

Reagents— 

Buffer. Except when indicated, the buffer solution used throughout 
was 0.25 m in acetic acid and in sodium acetate. 

Stable iodide solution. A stock solution containing 100 y of I- and 
1 y of 1° was prepared. This was kept under refrigeration. Before use 
it was appropriately diluted to contain 0.2 y per ml. of total iodine. 

Radioactive iodine (I[™).' A quantity of the material as received from 
Oak Ridge, containing 10 mc., was diluted to 50 ml. Some lots contained 
an unidentified butanol-soluble contaminant which has caused high con- 
trol values. This substance was removed in the following manner. A 
quantity of I solution containing approximately 10 mc. was diluted to 

* Present address, Shell Oil Company, Martinez, California. 


‘I used in this study was obtained from the Oak Ridge National Laboratory, 
Atomic Energy Commission, Oak Ridge, Tennessee. 
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5 ml. 1 mi. of 5 N sodium hydroxide was added. The solution was 
extracted twice with 10 ml. portions of butanol and finally twice with 
10 ml. portions of ether. The traces of ether remaining were removed by 
boiling. The solution was made up to 50 ml. with distilled water. 

Butyl alcohol. Reagent grade n-buty] alcohol (Merck) was used through- 
out. Just prior to use a few crystals of sodium iodide were added. 

Extracting Solution I. 160 gm. of sodium hydroxide, 50 gm. of sodium 
carbonate, and 10 gm. of sodium iodide were dissolved in water and diluted 
to volume in a 500 ml. flask. 

Extracting Solution IT. 160 gm. of sodium hydroxide, 50 gm. of sodium 
carbonate, and 10 gm. of sodium iodide were dissolved in water and diluted 
to volume in a 1000 ml. volumetric flask. 

Thyroxine. 2 mg. of pure crystalline thyroxine? were placed in a 100 
ml. volumetric flask, 1 ml. of 1 N NaOH was added, and the flask was 
rotated until the thyroxine dissolved. The solution was made up to vol- 
ume. This solution, containing 20 y per ml., served as a stock solution. 
It was kept in the dark and under refrigeration. New solutions were 
made at weekly intervals. Just prior to use further dilutions were made. 

Special Apparatus—All incubation was carried out in glass-stoppered 
centrifuge tubes. 50 yl. drop scale pipettes’ were used in the final sam- 
pling. Aliquots were placed onto squares of ordinary desk top blotting 
paper 0.8 mm. in thickness and 1 cm. square. Sample self-absorption 
corrections were therefore unnecessary, since the factor would be the same 
for each sample. 

Counting was done with a bell type Geiger counting tube which had a 
mica window thickness of 2.5 mg. per sq. cm. 


Procedure 


Factors Influencing Exchange. (a) pH—To each of twenty glass-stop- 
pered centrifuge tubes 0.5 ml. of the buffer solution, 0.5 ml. of the stable 
iodine solution, and 0.5 ml. of a solution of thyroxine containing | y¥ of 
thyroxine were added. In the range pH 2.5 to 8.0 acetate buffer was used 
and the pH was adjusted to the designated point with | N sodium hy- 
droxide or 6 N acetic acid. In the range pH 1.3 to 4.0, 0.5 ml. of a buffer 
0.1 m in sodium sulfate and 0.1 M in sodium acetate was used and sulfuric 
acid was added in place of acetic acid for titration to the desired pH. 
The tubes were placed in a water bath and adjusted to the desired tem- 


? Thyroxine crystals were obtained through the courtesy of Fb. R. Squibb and 
Sons. They were recrystallized from alkaline alcohol with glacial acetic acid before 
use in the standardization procedure. 

* Microchemical Specialties Company, 1834 University Avenue, Berkeley, Cali- 
fornia. 
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perature. After the tubes had reached the temperature of the bath, 0.5 
ml. of a I solution containing 50 we. was added and the tubes were tightly 
stoppered. After an incubation period of 4 hours the tubes were removed 
from the water bath and the thyroxine extracted. Determinations were 
done at several temperatures. 

(b) Reaction Rate—5 ml. of acetate buffer, 5 ml. of stable iodide solution, 
and 5 ml. of a solution of thyroxine containing 5 y of thyroxine were placed 
in a 25 ml. glass-stoppered volumetric flask. The flask was placed in a 
water bath adjusted to the desired temperature. After the solution had 
warmed to the temperature of the bath, 500 uc. of I solution were added 
and the solution was made up to volume. At intervals, 2 ml. aliquots 
of the solution were withdrawn and extracted as described below. This 
reaction was repeated at several temperatures. 

(c) Stable lodine—Solutions containing 100, 10, 1, 0.1, 0.01, and 0.001 y 
of total iodine per ml. in the form of iodide and iodine in the ratio of 100:1 
were prepared by dilution of the stock solution. Duplicate | ml. portions 
of each of the above dilutions were placed in glass-stoppered centrifuge 
tubes. Added to each were 0.5 ml. of a thyroxine solution containing 
8 y of thyroxine (1.3 y of exchangeable I’), 0.5 ml. of acetate buffer, and 
50 we. of I™. The solutions were incubated at 65° for 12 hours and then 
extracted. 

Extraction Procedure—In the separation of thyroxine from the exchange 
mixture advantage was taken of the differential solubility of thyroxine in 
butanol (3, 4). 

The incubation period was terminated by placing the tubes in an ice 
bath. To each tube an equal volume of extracting Solution I was added. 
After agitating briefly to assure mixture of the solutions, 7 ml. of butanol 
were added. The tubes were shaken vigorously for 10 seconds and were 
centrifuged for a few seconds in order to hasten the separation of the two 
solvents. 5 ml. of the supernatant butanol layer were withdrawn with a 
5 ml. volumetric pipette with careful attention to avoid the aqueous phase 
with the tip of the pipette. The 5 ml. of butanol were transferred to a 
clean centrifuge tube, 5 ml. of extracting Solution II added, and the 
mixture was again shaken 10 seconds. After repeating the brief centrifu- 
gation, 2 ml. of the supernatant were withdrawn and transferred to a third 
tube containing 5 ml. of extracting Solution II]. Again the mixture was 
shaken for 10 seconds and centrifuged. After the final centrifugation, 
duplicate 50 yl. aliquots were pipetted onto each of two squares of blotter. 
The samples were dried and counted. 

In establishing the proportionality between thyroxine concentration and 
butanol-extractable activity the following procedure was employed. Solu- 
tions containing known quantities of thyroxine ranging from 0.1 to 1.0 
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7, dissolved in 1 ml. of distilled water, were pipetted into glass-stoppered 
tubes. The pH was adjusted to 4.6 by the addition of 0.5 ml. of the 
acetate buffer solution. 0.5 ml. of stable iodide solution was added and 
the tubes were placed in the water bath at 65°. After the tubes had 
warmed to the temperature of the water bath, 50 ue. of I™ in a volume 
of approximately 0.5 ml. were added. The volumes were adjusted to 3.5 
ml. by the addition of distilled water. After an incubation period of 8 
hours the thyroxine was separated as described above. 


DISCUSSION 
The exchange reaction of I with thyroxine iodine I™ is probably 
reversible and may be formulated as 
+ RY? = + 
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Fic. 1. The effect of pH on the extent of exchange of I with thyroxine I! at 
65° after an incubation period of 4 hours. 
Fic. 2. Extractable radioactivity versus time at two temperatures. 


The mechanism is not as simple as Reaction | indicates, since the reaction 
rate is dependent on pH and catalyzed by elemental iodine. 

Fig. 1 shows the effect of pH on the amount of extractable activity after 
incubation for 4 hours at 65°. The shape of the curve indicates that the 
mechanism changes between pH 2 and 4. In all subsequent experiments, 
a pH value of 4.6 was used. 

The over-all reaction rate at 65° and 70° at pH 4.6 is illustrated in Fig. 2. 
In both of these experiments, stable iodine approximately equal to the 
exchangeable thyroxine iodine was added. In view of the fact that the 
extractable activity remains fairly constant at 65° after 6 hours, this 
temperature was chosen as the better of the two for additional experi- 
ments, since it favors reproducibility by eliminating the effect of time on 
extractable activity. 

Miller et al. (1) found that the exchange reaction between I and di- 
iodotyrosine is catalyzed by elemental iodine. Similar results were ob- 
served in the present study with thyroxine. Thus, 1 per cent of the iodine 
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in the sodium iodide solution was added as elemental iodine. This pro- 
cedure gives much more satisfactory results than were obtained with no 
added elemental iodine. 


| 
Effect of Varying Quantities of I" (As Iodide) on Extractable Activity 
In each case 8.0 y of thyroxine were used. 


Exchangeable thyroxine iodide,* 
100 0.013 | 9.7 
10 0.13 88.4 
1.0 1.3 720 
0.10 13 | 1557 
0.010 134 1890 


* Only one of the four thyroxine iodine atoms is exchangeable, since the reaction 
shown by Reaction 1 is not allowed to go farther to the right than 1 per cent. Thus, 
the probability of exchange of a 2nd iodine atom becomes extremely small and the 
amount of RI}?"1}" formed by a second exchange may be neglected. 
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GAMMAS OF THYROXINE 


Fic. 3. The relationship of extractable activity and known quantities (0.1 to 
1 y) of thyroxine in synthetic samples. 


Even though the addition of a large excess of stable iodine as iodide to 
the reaction mixture decreases the specific activity of the thyroxine, as is 
demonstrated by the data in Table I, it is necessary for the following 
reasons. (1) Biological specimens may contain small amounts of free I'” 
as iodide. Thus, by adding a large known excess of stable I'” to the re- 
action mixture, a constant background of stable iodide may be obtained. 
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Since Reaction 1 involves stable I'”, the amount present may be known 
and held constant. (2) As Reaction 1 progresses, I'” is accumulated as 
It exchanges for it. Thus, the amount of free I'” should be much larger 
than that of exchangeable I” in order to prevent a dilution effect on the 
I'** during the reaction. Under these conditions the relation between ex- 
tractable activity and thyroxine in Fig. 3 is linear, which is ideal for 
quantitative analysis. As the ratio of exchangeable thyroxine iodine to 
stable iodine increases beyond 0.1, the curve deviates markedly from 
linearity (Fig. 4). Thus, a calibration curve is required if the ratio is 
greater than 0.1. The conditions described in the present work allow 
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Fic. 4. The relationship of extractable activity and known quantities (0.5 to 
10 y) of thyroxine in synthetic samples. 


convenient and statistically significant counting rates and yet do not 
require hazardous amounts of I", 

The ratio of butanol-extractable activity to known quantities of thy- 
roxine is illustrated in Figs. 3 and 4. It can be seen that the relationship 
held true for exceedingly small quantities of thyroxine. 


A method for the quantitative determination of thyroxine in synthetic 
solution, in amounts ranging from 0.1 to 10 7, has been presented. 
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PROTEIN SYNTHESIS AND AMINO ACID TURNOVER IN 
TISSUE CULTURE* 
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(From the Department of Biochemistry, Department of Bacteriology, and the Radiation 
Research Laboratory, State University of Iowa, College of Medicine, 

Towa City, Towa) 


Puate 1 
(Received for publication, August 16, 1951) 

The tissue culture method permits the prolonged cultivation of living 
cells isolated from the environmental influence of the intact organism. Un- 
der optimal nutritional conditions, the tissue grows by rapid proliferation 
of new cells from the original explants, resulting in a net increase in the 
quantity of protein and nucleic acid (1). U:der these conditions the cul- 
tures are comparable to systems in vivo in positive nitrogen balance. With 
suboptimal nutritional conditions, the tissue may remain viable and main- 
tain itself in nitrogen balance, or may undergo progressive autolysis. 

In recent years many investigators have employed isotopically labeled 
amino acids to study protein synthesis or regeneration, using adult, em- 
bryonic, and tumor tissues in vitro (2,3). The tissue slice and the homo- 
genate techniques have made possible the investigation of the réle of various 
metabolites in relation to amino acid incorporation. Usually the term 
“synthesis” has been avoided in the short term experiments in vitro with 
labeled amino acids, since no net increase in quantity of protein occurs. 
However, Peters and Anfinsen (4) have demonstrated the synthesis of se- 
rum albumin in liver slices. 

Although the tissue culture method would appear to be a valuable tech- 
nique for quantitative biochemical and nutritional studies, it has found 
limited application for the following reasons. 

1. Small amounts of tissue are cultivated by time consuming and tedious 
techniques. In the usual roller tube method (5) from two to eight tissue 
fragments are individually arranged in each culture tube. Davidson and 
Waymouth (6) have increased the number of tissue fragments to twenty- 
four per tube. The explants were considerably smaller than the | mm. 
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of Iowa. Presented in part at the meeting of the Tissue Culture Association at 
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fragments commonly used; hence the total wet weight of the tissue in each 
tube did not exceed 2 to3 mg. It is difficult to weigh such small amounts 
of tissue accurately. Davidson and Waymouth circumvented this diffi- 
culty by placing the same number of tissue fragments of approximately 
the same size and shape in each tube. Recently, Signorotti, Hull, and 
Kirk (7) have used a quartz fiber balance to determine the initial weight of 
tissue in each tube. 

2. No synthetic medium is known which will permit a net increase in 
protein or nucleic acid in tissue culture. The media of White (8), Morgan 
ei al. (9), and Fischer et al. (10) prolong the survival of tissue and allow 
some cellular migration, but do not approach the growth stimulation ob- 
tained with tissue extracts. 

3. All tissue culture procedures must be carried out aseptically. This 
requirement adds to the difficulties in adapting the tissue culture method 
for quantitative biochemical study. 

The present paper describes quantitative techniques for the explantation 
and cultivation of tissues in roller tubes and measurement of changes in 
protein content. Certain of the difficulties inherent in the usual tissue 
culture procedures have been circumvented. Each tube contains a large 
number of fragments of variable size (less than 1 mm. in all dimensions) 
distributed uniformly over the inner surface of the tube. Changes in the 
quantities of protein in the cultures are determined by actual isolation and 
weighing of the tissue protein. The larger quantities of tissue make it 
possible to study the relationship between the incorporation of C-labeled 
amino acids and protein synthesis. 

Since the tissue cultivated in the presence of C-labeled amino acids 
yielded radioactive proteins, it was possible to determine which amino acids 
of the isolated proteins were radioactive. This was accomplished by hy- 
drolyzing the proteins and measuring the radioactivity of the fractions 
collected by starch column chromatography. The degree of turnover of 
certain amino acids could be calculated from the radioactivity and total 
content of amino acids (determined colorimetrically). It has been estab- 
lished also that the C'-carboxyl-labeled amino acids were incorporated into 
protein structures, and that the radioactivity was not associated with ad- 
sorbed amino acids or alkali-labile peptides. 


EXPERIMENTAL 


Cultivation of Tissue—All procedures were carried out in a cubicle with 
aseptic technique. The incidence of bacterial contamination of culture 
tubes was less than 1 per cent. Tissues removed from chick embryos were 
washed twice in glucosol solution (11), blotted on filter paper, and trans- 
ferred to tubes (Kimble screw cap culture tubes, 20 X 150 mm.) previously 


H. W. GERARDE, M. JONES, AND T. WINNICK 53 


weighed on an analytical balance. The amount of tissue per tube ranged 
from 20 to 40 mg., wet weight. This quantity was provided by one 12 day 
chick embryo heart, one 14 to 15 day lung, or approximately one-half of 
the small intestine of a 14 to 15 day embryo. The tissue was minced in 
the upper one-third of the tube with fine pointed scissors for approximately 
lI minute. The tube was reweighed immediately and the fragments washed 
to the bottom with 0.3 ml. of glucosol. 

After all the tubes were prepared in this manner, 0.2 ml. of diluted 
plasma was added to each tube, and the tissue was distributed immediately 
as follows: With the tube held vertically, the tissue suspension was swirled 
so that the fragments were scattered over the inner surface. The tube was 
then rotated horizontally in order to obtain uniform distribution of the 
fragments and to permit the tissue to adhere to the glass. The explants 
become “‘fixed”’ to the glass in an extremely thin film of fibrin which usually 
forms in less than 1 minute. If the distribution is not performed soon 
enough after adding the plasma, clotting occurs in the bottom of the tube. 
Usually plasma was added to four tubes at a time. The plasma was pre- 
pared by mixing whole chicken blood with an equal volume of 2.5 per cent 
sodium citrate, removing the red cells by centrifugation, and diluting the 
supernatant with 4 volumes of glucosol. Two experienced workers were 
able to prepare 50 such culture tubes in a 3 hour period. 

The tubes were allowed to stand vertically for about 3 hours following 
the distribution of the tissue in the tube. A soft fibrin coagulum contain- 
ing a minute quantity of tissue débris formed at the bottom of each tube 
and was removed by aspiration. 2 ml. of medium were added, and the 
tubes were incubated at 37° in a roller tube apparatus having a capacity of 
200 tubes. The roller drum rotated 7 times per hour, permitting the tissue 
alternately to bathe in the medium and to equilibrate with the gas phase, 
which was air. Every 48 hours the medium was poured off, the mouth of 
the tube blotted on sterile paper, and 2 ml. of fresh medium were added. 

Preparation of Media—The following media were used. 

1. Standard Tyrode’s solution (11). 

2. Tyrode’s solution containing a mixture 100, 500, 1000, and 5000 mg. 
per liter of nineteen L-amino acids (AAM) in approximately the same pro- 
portion found in bovine serum albumin. Media 1 and 2 were sterilized by 
passage through ultrafine fritted glass filters. 

3. An embryo extract (EE) was prepared aseptically from decapitated 
11 day chick embryos. The embryos were homogenized with an equal 
weight of Tyrode’s solution for 10 seconds in the micro Waring blendor. 
After refrigeration at 5° for 2 to 6 hours, the tissue suspension was centri- 
fuged at 1600 r.p.m. for 15 minutes in a No. 2 International centrifuge. 
The supernatant solution was stored at —20°. The embryo extract was 
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thawed and centrifuged before use. It contained 6.5 to 9 mg. of protein 
per ml. and was designated as 50 per cent EE. Dilutions of this prepara- 
tion were made with Tyrode’s solution. 

500,000 units of penicillin G and 5 mg. of phenol red were added per liter 
of medium. 

Isolation of Protein—At the end of each incubation period the medium 
was removed from each tube by aspiration, and the tissue was washed in 
the tube with two 5 ml. portions of 0.9 per cent saline. 5 ml. of 5 per cent 
trichloroacetic acid (TCA) were added, and the tissue was rubbed from the 
walls with a policeman. In order to minimize variability between tubes 
and to provide adequate material, the contents of at least three tubes were 
pooled in one of the tared culture tubes. The tube was centrifuged, the 
supernatant solution discarded, and the precipitate washed with 5 ml. of 
cold 5 per cent TCA. The precipitate was then dehydrated and the lipides 
removed by consecutive treatment with one 5 ml. portion of 95 per cent 
ethanol, two 5 ml. portions of 3:1 ethanol-ether (5 minutes at 60°), and 
one 5 ml. portion of anhydrous ether. It was dried in the tube at 105° 
for 30 minutes. 

The tube was reweighed to obtain the exact weight of protein, which 
varied from 2 to 20 mg., depending on the extent of autolysis or synthesis 
occurring during the cultivation period. When autolysis was extensive, 
the contents of as many as ten tubes were pooled in order to obtain suffi- 
cient protein for analysis. 

Determination of Changes in Quantities of Protein in Cultures—The per 
cent protein in a tissue was determined by isolating and weighing the pro- 
tein from a known wet weight of tissue. Average values obtained for 
freshly explanted tissues were 6.0, 8.6, and 8.4 per cent protein for em- 
bryonic chick lung, heart, and intestine, respectively. The ranges in per 
cent protein for these tissues were 5.5 to 6.5, 8 to 9, and 8 to 9. The 
amount of fibrin contributed by the plasma was negligible, since the aver- 
age value for protein content obtained for fresh minced tissue was the same 
as that for tissue explanted and distributed as described above. The ini- 
tial amount of protein in each tube was calculated from the known wet 
weight of tissue and previously determined average values for protein con- 
tent. The per cent change in protein content was determined by compar- 
ing the quantity of protein isolated from incubated tubes with the calcu- 
lated initial values. 

Labeled Amino Acids—Glycine-1-C™, pi-alanine-1-C", and pi-phenyl- 
alanine-3-C™, with specific activities of 500,000, 460,000, and 220,000 c.p.m. 
per mg., respectively, were purchased from Tracerlab, Inc., on allocation 
from the United States Atomic Energy Commission. The technique for 
determination of these values has been described previously (12). Each 
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labeled amino acid was diluted with 49 parts of the corresponding non- 
labeled form prior to use. Glycine was employed in the media at 0.00133 
mM concentration, and pL-alanine and pi-phenylalanine at 0.00266 M. 
These concentrations were used both in experiments involving a single la- 
beled amino acid and in experiments in which the same labeled amino acid 
was part of an amino acid mixture. 

Measurement of Radioactivity of Proteins—The method for the prepara- 
tion and counting of samples has been described (12). Protein samples 
usually weighed 10 to 15 mg. and had radioactivities of 20 to 200 times 
background. This permitted counting with an accuracy of 2 to 3 per cent. 
The results were expressed in terms of micrograms of C" incorporated per 
mg. of protein. 

Chromatographic Analyses—Proteins, freed of nucleic acid, were hydro- 
lyzed (13), and aliquots of the hydrolysates, representing 4 mg. of protein, 
were subjected to starch column chromatography (14). The eluate was 
collected in 0.5 ml. fractions in test-tubes with the Technicon fraction col- 
lector. When radioactive proteins were analyzed, both the C™ and the 
amino acid content of each fraction were determined as follows: The con- 
tents of the tube were evaporated to dryness in vacuo, and the residue was 
transferred to a 15 mm. round glass cover-slip with two 0.1 ml. volumes of 
water. The liquid on the cover-slip was dried by gentle warming, and the 


_ radioactivity was measured with a thin mica window Geiger-Miiller 


counter. The activities of individual radioactive fractions were usually 10 
to 200 times background. Corrections for self-absorption were unneces- 
sary. After counting, each cover-slip was placed in the test-tube from 
which the fraction was originally obtained. Color was then developed by 
addition of the ninhydrin reagent, and the optical density determined (15). 


RESULTS AND DISCUSSION 


Changes in Protein Content Following Cultivation in Different Media— 
Text-fig. 1 shows that extensive net increase in protein occurred with lung, 
heart, and intestine cultivated in 25 per cent EE. In 2 weeks approxi- 
mately 300 per cent protein increase occurred with lung, and 100 per cent 
with heart and intestine. The protein content of lung and heart increased 
at an approximately linear rate for 50 days. With heart and intestine 
there was an initial autolytic phase, resulting in a decrease in protein; this 
was not observed with lung. 

When 10 per cent EE was employed (Text-fig. 2), net increase of protein 
was obtained after 6 days with lung, whereas heart and intestipe showed 
no net increase. With 5 per cent EE the initial loss in protein was not 
restored with any of the tissues. Autolysis was most extensive with Ty- 
rode’s solution and with AAM (100 mg. per liter). Amino acid mixtures 
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at higher levels (500, 1000, and 5000 mg. per liter) were tested, but in no 
case was autolysis prevented. 

Fig. 1 illustrates the gross appearance of culture tubes before and after 
cultivation in EE for 12 days. Early growth was visible grossly as thin, 
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translucent halos of new tissue around the original explants; at this stage 
the original explants were much more dense than the new tissue. In older 
cultures the boundary between the new tissue and the original explant 
became indistinguishable. 

Fig. 2 shows the microscopic appearance of early fibroblastic cellular 
proliferation of lung cultivated in 25 per cent EE. 

Consideration of Possible Adsorption of Proteins of Embryo Extract by 
Tissue Explants—It was important to consider the possibility of physico- 
chemical retention of proteins of embryo extract by the tissues as a possible 
explanation for the protein increase observed in the cultures. If this ad- 
sorption were proportional to surface area of the tissue, growth would be 
accompanied by a progressive increase in the quantity of adsorbed pro- 
tein, and hence a true measure of protein increase would not be obtained. 

The following experiments conducted with lung for a 2 week period 
make it probable that the increase in protein is not due to adsorption of 
EE protein from the medium. 

The extent of net protein increase with 50 per cent EE was approxi- 
mately equal to that in 25 per cent EE. If the protein increment were 
due to adsorption, a greater increase might be expected with a more con- 
centrated medium. 

When lung explants were incubated in 25 per cent EE at 5° for 7 days, 
there was no increase in protein content of the cultures; by contrast, 150 
per cent increase was obtained with controls at 37°. The absence of a 
net increase in protein indicated that no adsorption took place with the 
EE medium at the lower temperature. Proof that the tissue retained its 
viability at 5° was obtained by subsequent incubation at 37°. After 9 
days at the latter temperature, a doubling in quantity of protein occurred, 
accompanied by gross and microscopic evidence of growth. 

No net increase in the protein of lung cultures was obtained when the 
following inhibitors were present in 25 per cent EE: 0.005 m fluoride, 0.001 
M cyanide, 0.001 m azide, 0.0005 m dinitrophenol, 0.00015 m colchicine, 
0.06 m methoxinine, and 0.01 m malonate. The fact that these substances 
are of widely varying chemical nature and are known enzyme inhibitors 
makes an interference with adsorption unlikely as an explanation of these 
effects. 

To rule out the possibility that adsorption occurs only when new cells 
are produced, colchicine was added to tubes containing varying amounts 
of newly formed tissue. The addition of colchicine to 0, 4, 8, and 12 day 
lung cultures cultivated in 25 per cent EE prevented further increase in 
protein. 

In similar experiments with dinitrophenol and fluoride, the inhibition 
was effective for 16 to 20 days. Subsequent addition of these inhibitors 
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failed to prevent increases in protein content. Text-fig. 3 gives the results 
obtained with fluoride. 

Incorporation of Labeled Amino Acids into Proteins—Text-fig. 4 shows 
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Text-Fic. 4. Incorporation of C-labeled amino acids into the protein of lung 
cultivated in different media. 


the rate of incorporation of radioactive glycine, alanine, and phenylalanine 
into the protein of lung tissue. It is noteworthy that the greatest uptake 
of labeled amino acids did not occur with 25 per cent EE but in the presence 
of AAM. A similar stimulation by amino acids has been reported for 


homogenates (16). It appears that a rapid incorporation of amino acids 
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accompanies autolysis of lung protein, indicating a rapid turnover of amino 
acids. If the labeled amino acids were utilized chiefly for protein synthe- 
sis, it would be expected that the newly formed tissue protein obtained 
with EE would have a much higher specific radioactivity than the “old” 
protein undergoing autolysis. 

The concentration of the added labeled amino acid was the same in the 
three media. However, in the EE there was the possibility of a minor 
degree of additional isotopic dilution of the labeled amino acids by the 
corresponding non-labeled forms naturally present. An analysis of a pro- 
tein-free filtrate by ninhydrin colorimetry indicated a level of approximately 
70 mg. of amino acids plus peptides per 100 ml. of 25 per cent EE. 

The extent of amino acid turnover under autolytic conditions is illus- 
trated by the curve for glycine (Text-fig. 4) uptake in the presence of 
AAM. The maximum is approximately 9 7 of C™ per mg. of protein. 
Half of this value, or 4.5 y is due to C™ in glycine, which is equivalent 
to 28 y of labeled amino acid. Since lung contains 40 y of glycine per 
mg. of protein, the 28 + of labeled glycine represent a 70 per cent replace- 
ment of the non-labeled by labeled glycine. This extensive turnover is 
much higher than that commonly found in tissue slices and is probably 
due to the prolonged cultivation of the tissue in the presence of labeled 
amino acids. The rates of amino acid incorporation are approximately 
the same as in tissue slices. With the three labeled amino acids the C™ 
concentration in the protein of lung tissue grown in EE reached a maximum 
at 9 days and decreased thereafter. Exploratory experiments suggest that 
the protein of EE is the principal source of new tissue protein. Assuming 
this to be true, a possible explanation for the observed fall in C“ concen- 
tration in the lung protein is the following: The rapid ascent of the incor- 
poration curve early in the incubation period is due to turnover of amino 
acids in the original tissue cells. As new cells are formed, non-radioactive 
protein derived from EE accumulates, thus progressively lowering the C“ 
concentration of the total protein in the cultures. 

Text-fig. 5 gives the rates of labeled amino acid uptake by protein of 
intestine in different media. The degree of C“ incorporation with 25 per 
cent EE is of the same magnitude as that observed with lung. The in- 
corporation of each labeled amino acid was stimulated by the AAM, as 
in the case of lung. 

Text-fig. 6 shows the rates of labeled amino acid incorporation for heart 
tissue in different media. It may be noted first that the C“ uptake is 
generally lower than with lung and intestine. In this respect heart re- 
sembles adult muscle, which is known to have a low rate of amino acid 
turnover. Lillie (17) considers the chick heart to have attained its final 
structural and functional form by the 8th day of embryonic development. 
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Heart exhibited its greatest uptake of labeled amino acids in 25 per cent 
EE rather than in Tyrode’s solution or AAM. An explanation for this 
difference may be that the fibroblasts derived from the original explants 
are more embryonic in character than the original heart tissue and hence 
have a higher rate of amino acid turnover. The turnover rates of heart 
protein with EE are of the same order of magnitude as those with lung 
and intestine in EE. The explanation suggested for the decrease in spe- 
cific radioactivity for heart in EE is the same as that given for lung and 
intestine. 

Rate of Release of C* from Labeled Tissue Proteins—In order to obtain 
further information regarding turnover rates of amino acids in the em- 
bryonic tissue proteins by a method other than that based upon uptake 
of labeled amino acids from the medium, the following procedure was used. 
The proteins of a given tissue were first made radioactive by the presence 
of a C-labeled amino acid in the nutrient medium under conditions favor- 
ing rapid growth and net increase in protein (25 per cent EE) for a pre- 
liminary cultivation period of 12 days. After the 12th day the medium 
was changed to 5 per cent EE containing no labeled amino acid. By this 
means the cultures were maintained without change in protein content for 
an additional 12 day incubation period. During this 12 to 24 day interval 
the rate of turnover or release of labeled amino acid from the tissue pro- 
teins could be determined by the progressive decrease in the specific radio- 
activity. From the rate of decrease the half life of the amino acid could 
be calculated. 

Text-fig. 7 shows the rate of release of gly¢ine-1-C™ with three different 
tissues. Because of a probable carry over of labeled amino acid and EE 
protein after the change from 25 to 5 per cent EE, the portions of the 
curves beyond the 15th day were used for half life calculations. In the 
case of intestine, the C“ concentration fell from 2.7 to 1.35 y per mg. of 
protein between the 15th and 24th days; accordingly, the half life of gly- 
cine was 9 days. From the decreases in the C™ concentrations between 
the 15th and 21st days, the half lives for heart and lung were 6 and 7 days, 
respectively. From these values it was calculated that the glycine in the 
proteins of intestine, lung, and heart cultures turned over approximately 
5.5, 7, and 8.5 per cent per day.'' Bucher and Frantz (18) reported a half 
life of 5.6 days for glycine-1-C™ in rat liver protein in vivo. Shemin and 
Rittenberg (19), using N"*-labeled glycine, found the half life of N'*-labeled 
glycine to be 5 to 6 days in rat liver protein and 12 days in the protein of 
rat sarcoma. 


‘The half life determinations for glycine are complicated by the fact that C* 
is also present in serine; therefore the values reported are averages for both amino 
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Experiments similar to those described above have been conducted on 
lung tissue, with alanine-1-C" and phenylalanine-3-C™, and have yielded 
half lives of 9 and 7 days, respectively. 

Incorporation of Labeled Glycine into Proteins of Older Cultures—Nucleic 
acid analyses of chick embryo tissue cultures (20) showed that the con- 
centration of desoxypentose nucleic acid (DNA) in the tissues decreased 
progressively as the cultures aged, indicating a decreasing cellular concen- 
tration. This was confirmed by histological examination, which revealed 
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Text-Fic.7. Incorporation of labeled glycine, and subsequent release from tissue 
proteins. 


a steadily diminishing cell density and increasing proportion of extracellular 
material in the tissue. One would expect a decrease in the concentration 
of cells to be accompanied by a corresponding fall in the metabolic activity. 
Since the incorporation of labeled amino acids appears to be associated 
with intracellular proteins or cell fractions (2), a diminished rate of incor- 
poration of labeled amino acids in the older cultures was expected. 

The incorporation of labeled glycine in freshly explanted tissue was com- 
pared with the uptake in older cultures over a period of time during which 
labeled glycine was added to the medium (25 per cent EE). Text-fig. 8 
shows the incorporation of glycine-1-C™ into the proteins of 30 day lung 
cultures cultivated for 16 additional days in EE to which labeled amino 
acid was added. The maximal uptake of labeled glycine per mg. of pro- 
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tein by 30 day cultures was found to be about one-third as great as that 
of freshly explanted lung cultures. However, if the specific activity of 
the tissue is expressed per mg. of DNA (20), which is a measure of the 
number of cells, the older culture is 3 times more active than the younger 
culture. It is conceivable that the extracellular protein is contributing to 
the radioactivity found in the tissue by participating in the incorporation 
of labeled amino acids. Experiments are now in progress to determine 
the metabolic activity and chemical nature of the extracellular protein in 
the tissue cultures. 

Amino Acid Composition of Tissue Proteins—In order to calculate the 
amino acid turnover in the tissue proteins, it was necessary to know the 
amino acid composition. This information was not available in the litera- 
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Text-Fic. 8. Incorporation of C-labeled glycine into the protein of lung culti- 
vated in 25 per cent EE for 30 days prior to the addition of the labeled amino acid. 


ture. Furthermore, since the new tissue obtained in the cultivation of 
heart and lung in vitro differs morphologically from the original tissue, it 
was conceivable that a concomitant change in the amino acid pattern of 
the tissue resulted. The amino acid composition of 2 day and 30 day 
lung cultures, determined by starch column chromatography, is summa- 
rized in Table I. It may be noted that there was no significant difference 
in these proteins. The amino acid composition of proteins isolated from 
heart cultures of different ages was essentially the same. 

Turnover of Amino Acids in Autolyzing Tissue Cultures—The patterns 
of C™ distribution in labeled proteins from tissues cultivated in Tyrode’s 
solution are shown in Text-fig. 9. The results are analyzed in Table II. 
It is seen that the degree of amino acid incorporation was much greater 
with lung than with heart protein. The accuracy of the calculated turn- 
over values is limited by the incomplete recovery of the amino acids in 
the protein analyses shown in Table I. 

When labeled phenylalanine was added to the Tyrode’s solution, approx- 
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Taste I 
Amino Acid Composition of Protein from Lung Tissue 


Amino acid per 100 gm. protein 
Amino acid — 
2 days in Tyrode's solution! 30 days in 25 per cent EE 
em. gm. 
Leucine-isoleucine...................... 12.5 12.3 
2.5 3.6 
al 2.8 4.1 
| 5.4 1.1 
Arginine 5.3 6.5 
| 79.0 86.5 
3 HEART PROTEIN ! LUNG, PROTEIN 
z 
PHENYL - ALANINE GLYCINE 
= ALANINE 
a 
} GLYCINE ALANINE serine 
5 SERINE by 
ALANINE 
TYROSINE 4 ASPARTIC 
ALI i i i i i i i 
2 1020 4 #60 80 00 020 40 42460 80 100 
z VOLUME OF EFFLUENT (ML.) 


Text-Fic. 9. Composite graphs of C distribution in heart and lung proteins 
following 2 day incubations in Tyrode’s solution containing one of the following 
amino acids : 0.00067 m glycine-1-C", 0.00133 m pi-alanine-1-C™, 0.00133 pL-phenyl- 
alanine-3-C'*. These compounds were employed without isotopic dilution. The 
radioactivity of each fraction was converted into units of amino acid concentration 
with the aid of the known specific radioactivities of the labeled compounds. 
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imately 90 per cent of the C" incorporated into heart and lung proteins 
was found in the phenylalanine peak. No appreciable activity was found 
in tyrosine. 

With labeled alanine in the Tyrode’s solution, 97 and 103 per cent of the 
C* were found in the alanine-glutamic acid peak with heart and lung 


Taste Il 

Turnover of Labeled Amino Acids in Proteins 

The figures in Column 3 were obtained by counting aliquots of the original ra- 
dioactive hydrolysates prior to chromatography. Column 4 represents summations 
of C“ in the separate peaks. These C” values, divided by the known counts per 
minute per micromole of labeled amino acid (giycine-1-C" and serine-1-C“, 60,000; 
alanine-1-C™, 69,500; phenylalanine-3-C“, 58,500), give the figures in Column 5. 
Column 6 is calculated from the points in Text-figs. 1 and 3. Column 7 gives 
the ratios of labeled to total amino acids. 


Cc Total ami 
2 = recovered sponding roms — 
days in Labeled amino acid | by chroma- quantity of chromato- 
Tyrode’s tography labeled graphic 
solution I amino acid analysis 
1) (2) (3) 4) (3) (6) (2) 
p.m. c.p.m uM | uM per cent 
Heart Phenylalanine- 5,720 5,000 0.087 | 1.01 8.6 
3-C™ | | | 
| Alanine-1-C™ 6,840 6,710 0.07 | 3.7 
8,520 6, O50t 0.1017 | 1 | 
1,660 O.028$ 1.33% | 2.13 
Lung  Phenylalanine- | 21,600 19,000 | 0.325 0.74 
Alanine-1-C™ 18,300 18,800 0.271 2.4 11.3 
SOT 


Glycine-1-C 18,600 10, 600t 0.177t l 
| 1.01% 


<a This value is taken arbitrarily as equal to one-half the alanine-glutamic acid 
peak, assuming the protein composition to be similar to that of rat liver protein 
(2). 

t For glycine specifically. 

3 For serine specifically. 


proteins, respectively. This peak was not resolved. Since C™ was not 
found in aspartic acid, it was unlikely that labeled glutamic acid was 
present, for it is probable that both originate by way of the Krebs citric 
acid cycle. Zamecnik and coworkers (21) found that the C incorporated 
into protein was in alanine when rat liver slices were incubated with ala- 
nine-1-C“. With hepatoma slices (3), 89 per cent of the C™ was due to 
alanine, while glutamic and aspartic acids each accounted for about 4 per 
cent of the C“. In Table IT the replacement figures for alanine are approx- 
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imations, since the percentages of alanine in the proteins are not known. 
However, the values permit a comparison of the turnover rates of this 
amino acid in heart and lung proteins. 

In agreement with numerous observations describing the conversion of 
glycine to serine, the presence of glycine-1-C" in Tyrode’s solution re- 
sulted in the appearance of C" in glycine and serine of the proteins. In 
the case of heart protein, the two amino acids accounted for 90 per cent 
of the incorporated C“. The ratio of counts of labeled glycine to serine 
was 3.6. With lung protein, glycine and serine accounted for 86 per cent 
of the C™, and the ratio of glycine to serine was 2.0. Zamecnik and Frantz 
(3) reported ratios of labeled glycine to serine of 1.2 for adult rat liver 
and 4.3 for rat hepatoma slices following incubation with glycine-1-C". 


Taare Ill 

Stability of C™ Incorporated into Lung Protein 
The nutrient media all contained 0.00133 m glycine-1-C™ (10,000 ¢.p.m. per mg.). 
Radioactivity of protein 


Radioactivity in BaCOst 


Conditions of cultivation after treatment of 
Initial protein with ninhydrin 
~ NaOH’ 
perme. ¢.p.m. per mg. | 
0 
307 385 0 
2 


ra The protein retained 90 to 95 per cent of its weight in all cases. 
t 5 mg. of inactive glycine were added to provide CO,. 


Evidence for Incorporation of Labeled Amino Acids into Protein Structure— 
One of the best available criteria for incorporation of carboxyl-labeled 
amino acids into peptide structure is the retention of the isotopic label 
by the protein after treatment with ninhydrin reagent (12). This test 
was applied to the radioactive proteins derived from lung tissue, following 
cultivation in different media containing glycine-1-C"™. Table III shows 
that no appreciable C“O, was released upon heating the protein with 
ninhydrin reagent. 

In experiments in which adult rat liver homogenates were incubated in 
the presence of labeled glycine (12), it has been reported that most of the 
C™ taken up by the protein was removed by 0.5 N sodium hydroxide. The 
C™ appeared to be concentrated in a labile peptide fraction. This effect 
was not observed with embryonic or tumor tissues. The data in Table III 
show that 0.5 N alkali has no significant effect on the radioactivity of the 
protein from cultures of lung tissue. 
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SUMMARY 


A quantitative method has been described for the rapid preparation of 
roller tube cultures initially containing 20 to 40 mg. quantities of tissue 
and the subsequent measurement of changes in protein content during 
cultivation. Growth and protein increase were most rapid with lung cul- 
tivated in an extract of chick embryo. The addition of a variety of en- 
zyme inhibitors to chick embryo extract or incubation of the cultures at 
5° prevented an increase in protein content for a 2 week period of culti- 
vation. No net increase of protein was obtained with synthetic media 
containing from 100 to 5000 mg. of total amino acid per liter. 

The incorporation of C-labeled amino acids into the tissue proteins 
was more rapid under conditions of tissue autolysis than under conditions 
favorable to growth. The half life times of three C™-labeled amino acids 
in the proteins of tissue cultures maintained in protein balance were found 
to be from 6 to 9 days. 

The maximal incorporation of glycine-1-C™ per mg. of protein in 30 day 
lung cultures is lower than that obtained with fresh cultures. 

When tissues were maintained in Tyrode’s medium containing glycine-1- 
C, the protein subsequently isolated was found to contain both labeled 
glycine and serine in the ratios of 3.6 for heart and 2.0 for lung. In similar 
experiments with pi-alanine-1-C™ and pi-phenylalanine-3-C"™, all of the 
C" of the proteins was found in alanine and phenylalanine. With the 
labeled amino acids used, the turnover rates were higher with lung than 
with heart protein. 

Proteins obtained from tissue cultivated in media containing glycine-l- 
C™ released no C™ upon treatment with either ninhydrin or dilute sodium 
hydroxide. 


The authors wish to express their appreciation to Dr. S. C. Wang, who 
performed the starch column chromatographic analyses. 
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EXPLANATION OF PLATE 1 


Fic. 1. Gross appearance of culture tube of lung before and after cultivation ia 


EE for 12 days. 


Fic. 2. Microscopic appearance of lung after 5 days in 25 per cent EE. Magnifiea- 


tion about 20 diameters. 
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NUCLEIC ACID SYNTHESIS AND TURNOVER IN TISSUE 
CULTURE* 


By H. W. GERARDE,t MARION JONES, ann THEODORE WINNICK 
(From the Department of Biochemistry, Department of Bacteriology, and the Radiation 
Research Laboratory, State University of Iowa, College of Medicine, 
lowa City, Towa) 


(Received for publication, August 16, 1951) 


It has been demonstrated (1) that the cultivation of embryonic chick 
tissues in roller tubes in the presence of an extract of chick embryo resulted 
in an increase in the protein content of the cultures. Histological exam- 
ination of the tissue revealed a progressively diminishing cellular density 
in the tissue following cultivation in embryo extract. This decrease in the 
cellular concentration of the tissue is not apparent from the changes in 
total protein content, for no distinction is made between intracellular and 
extracellular protein. 

Since desoxypentose nucleic acid (DNA) and pentosenucleic acid (PNA) 

are intracellular constituents, nucleic acid analysis provides a chemical 
method for measuring the quantity of nuclear and cytoplasmic substance 
present in a culture. Nucleoprotein phosphorus analysis was first sug- 
gested and used by Willmer (2) to measure growth in tissue culture. At 
that time methods for fractionation and separation of DNA and PNA were 
unknown. Davidson and Waymouth (3) and later Hull and Kirk (4) 
studied changes in DNA and PNA in chick embryo heart cultures in roller 
tubes. 
The increments of DNA and PNA obtained by analysis of tissue cultures 
are not a true measure of new cell production, since the quantities found 
are the net result of the loss of nucleic acid from the original tissue and 
the increase associated with the formation of new cells. A reliable index 
of new cell production (4) can be obtained by measuring the quantity of 
P® incorporated into the DNA which is not in dynamic equilibrium with 
other sources of phosphorus in the cell. 

The present paper describes the changes in total DNA and PNA in 
roller tube cultures of chick heart, lung, and intestine. In addition the 

* Aided in part by grants from the Iowa Division of the American Cancer Society 
and the Central Scientific Fund of the College of Medicine of the State University 
of Iowa. Presented in part at the meeting of the Tissue Culture Association at 
Detroit, March, 1951, and at the meeting of the Federation of American Societies for 
Experimental Biology at Cleveland, April, 1951. 

t Postdoctoral Fellow of the American Cancer Society, recommended by the 
Committee on Growth of the National Research Council. 
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rate of incorporation of P® into DNA and PNA fractions from lung cultures 
was determined. 


EXPERIMENTAL 


Tissue Culture Techniques—The quantitative roller tube method for the 
cultivation of embryonic chick tissues has been described (1). The media 
employed were embryo extract (EE) and Tyrode’s solution. 

Nucleic Acid Determination—The Schmidt and Thannhauser method (5) 
was employed as follows: 5 to 10 mg. of dry, lipide-free, nucleic acid-con- 
taining protein (1) were accurately weighed and quantitatively transferred 
to a Klett colorimeter tube. 1 ml. of 1 N potassium hydroxide was added; 
the tube was then stoppered and incubated at 37° for 18 to 24 hours. 0.2 
ml. of the clear alkaline digest was transferred to another colorimeter tube 
and total phosphorus determined (6). The remaining alkaline digest was 
cooled to 5°, and the DNA precipitated by the addition of 0.2 ml. of cold 
6 N hydrochloric acid and 1.0 ml. of cold 5 per cent trichloroacetic acid. 
After standing at 5° for 20 to 30 minutes, the DNA was separated by cen- 
trifugation. It was redissolved in 1.0 ml. of 1 N potassium hydroxide 
and reprecipitated as above. The phosphorus content of the DNA pre- 
cipitate was then determined (6). The total phosphorus (TP) and DNA 
phosphorus (DNAP) values were expressed in micrograms per mg. of pro- 
tein. PNA phosphorus (PNAP) was obtained by subtraction of DNAP 
from TP. 

Calculation of Changes in Quantity of PNA and DNA Following Cultiva- 
tion of Tissue—The initial quantities of PNAP and DNAP in each culture 
tube were calculated from the known wet weight of tissue and previously 
established average zero time values for these constituents. These zero 
time values for PNAP, expressed in micrograms per mg. of protein, were 
6.8, 4.4, and 7.4 for lung, heart, and intestine, respectively. The corre- 
sponding DNAP values were 4.5, 1.25, and 3.0 for lung, heart, and intestine. 

After different times of incubation, nucleic acid-containing protein was 
isolated from pooled cultures, and PNAP and DNAP were determined as 
described. The micrograms of phosphorus per mg. of protein multiplied 
by the mg. of total protein gave the total PNAP or DNAP content. The 
nucleic acid analyses were expressed in two ways: (1) as micrograms of 
PNAP or DNAP per mg. of protein, or (2) as per cent change in the quan- 
tity of PNA or DNA, determined by reference to the zero time values. 

Measurement of Labeled Phosphate Incorporation into Nucleic Acids—P*- 
labeled orthophosphate, obtained on allocation from the United States 
Atomic Energy Commission, was added to Tyrode’s solution and EE at 
the same level of radioactivity, approximately 0.5 mc. per 100 ml. of 
solution. The EE was found by analysis to contain 145 y of inorganic 
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phosphorus per ml. An equivalent concentration of orthophosphate was 
added to the Tyrode’s solution so that the P®:TP was the same for the 
two media. 

In order to determine the P® concentrations in PNA and DNA fractions! 
isolated from the tissue cultures, the following procedure was used: 0.2 ml. 
of the alkaline digest was evaporated on a 15 mm. glass cover-slip and 
counted in a Geiger-Miiller counter with a thin mica window tube. The 
P® content of DNA dissolved in 1 N potassium hydroxide was then de- 
termined in the same manner. The radioactivity of the PNA was the 
difference between the total counts per minute in the original alkaline 
digest and counts per minute due to DNA. These values for PNA and 
DNA were converted to micrograms of labeled phosphorus by reference to 
sP" standard. The latter was prepared by evaporating a suitable aliquot 
of Tyrode’s solution or EE (containing a known quantity of total phos- 
phorus) on a cover-slip. The results were expressed as the ratios of labeled 
phosphorus to total phosphorus (determined colorimetrically) for both PNA 
and DNA. 


RESULTS AND DISCUSSION 

Changes in Nucleic Acid Content with Varying Time of Cultivation—In 
Fig. 1 it is seen that an initial loss in DNA occurred with each tissue during 
the first 2 to 3 days. With lung and heart, this initial loss was restored 
in about 2 weeks, although no net synthesis of DNA resulted. In older 
cultures the DNA content of heart and lung declined markedly, indicating 
an extensive destruction of tissue cells. 

The synthesis of PNA was more rapid than that of DNA in the three 
tissues studied. The curve for PNA synthesis did not decline initially 
with lung. The 150 per cent increase indicated that 2.5 times more PNA 
was present after 2 weeks of cultivation than at the beginning of the experi- 
ment. With heart cultures the maximal net increase in PNA was 30 per 
cent. The PNA content of both lung and heart cultures fell to approxi- 
mately the initial levels after longer time intervals. 

In Fig. 2 it is seen that an extensive fall occurred in the DNA content 
of heart, lung, and intestine cultures cultivated in 10 per cent EE or 
Tyrode’s solution. Lung tissue cultivated in 10 per cent EE recovered its 
initial content of PNA in 2 weeks. 

Hull and Kirk (7) obtained 50 per cent net increases in both DNA and 
PNA with embryonic chick heart after cultivation for 6 days in embryo 
extract-horse serum. The nucleic acids decreased markedly in quantity 
when Tyrode’s solution was employed. 

' The term “‘fraction”’ is used to indicate the impurity of PNA and DNA obtained 
by the Schmidt and Thannhauser method. 
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There is little doubt that the trauma incident to the cutting and e. 
plantation of tissue results in extensive cellular damage and consequent 
loss of nucleic acids in the cultures. This loss must be restored by the 
remaining viable cells if a true net increase in nucleic acid is to be demon. 
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Fic. 1. Changes in nucleic acid content of tissues cultivated in 25 per cent EE 
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Fic. 2. Changes in nucleic acid content of tissues cultivated in suboptimal medis. 
Curve 1, PNA, 10 per cent EE; Curve 2, PNA, Tyrode’s solution; Curve 3, DNA, 
10 per cent EE; Curve 4, DNA, Tyrode’s solution. 
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strated. Davidson and Waymouth (3) eliminated the necessity for the 
restoration of this quantity of PNA and DNA by obtaining initial values 
after a preliminary 48 hour washing of the cultures in Tyrode’s solution. 
Accordingly, the increments of PNA and DNA are greater than if true 
zero time values were used. If in Figs. 1 and 2, the nucleic acid content 
of the cultures at 48 hours is considered to be the initial quantity, the per 
cent increases of PNA and DNA would be much greater than those shown. 

Comparative Rates of Protein and Nucleic Acid Synthesis—It has been 
reported that protein (1) and nucleic acid synthesis was most extensive 
with EE; the rates, however, differed markedly. With lung a 300 per 
cent increase in protein was obtained, whereas the PNA had increased 
slightly more than 100 per cent in 2 weeks. With DNA the difference is 
even more striking. No net increase in DNA was obtained over the zero 
time value; the protein content, however, had greatly increased within the 
same period of time. This disparity in the rates of protein and nucleic 
acid production was also found with heart and intestine. 

Fig. 3 shows that the concentration of PNA and DNA in the nucleic 
acid-containing protein isolated from the cultures fell rapidly. The de- 
creased nucleic acid concentration in older tissue is confirmed by histo- 
logical examination, which shows a diminished cell density and increased 
proportion of extracellular material. 

Incorporation of P®™ into Nucleic Acids—Fig. 4 shows that P® is incor- 
porated rapidly into the PNA fraction of lung cultures in EE, indicating 
almost 100 per cent turnover after 1 week. In Tyrode’s solution the P® 
turnover in the PNA fraction was approximately two-thirds of the value 
obtained in EE. After 2 weeks of cultivation in EE the degree of P® 
uptake into the DNA fraction corresponded to a 60 per cent turnover. 
The turnover of P® into the DNA fraction of lung cultures maintained in 
Tyrode’s solution was about 10 per cent in 2 weeks. The turnover values 
for PNA and DNA calculated from the specific activities of the nucleic 
acid fractions undoubtedly are elevated, owing to contamination with in- 
organic radioactive phosphate of high specific activity. Davidson, Frazer, 
and Hutchison (8), Barnum and Huseby (9), and Jeener and Szafarz (10) 
have demonstrated that the PNA fraction contains inorganic phosphate 
originating from the acid-soluble phosphate fraction and phosphoprotein. 
The DNA fraction is also contaminated with inorganic phosphate. 

The turnover values agree qualitatively with those of Hull and Kirk (4), 
who found that all of the PNA and 80 per cent of the DNA was labeled in 
heart after 8 days of cultivation in EE-serum medium containing labeled 
phosphate. They also observed much lower degrees of P™ incorporation 
when Tyrode’s solution was used. 

It is significant that the specific activity of both DNA and PNA fractions 
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was higher under conditions favorable to growth than under autolytic 
conditions. By contrast, the incorporation of C-labeled amino acids was 
greater in autolyzing than in rapidly growing tissue cultures (1). 


NUCLEIC ACID PHOSPHORUS PER MG. PROTEIN 
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Fic. 3. Concentration of nucleic acid phosphorus in tissues cultivated in 25 per 
cent EE. 
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Fic. 4. Rates of turnover of labeled phosphorus in nucleic acids of lung cultures. 
P* indicates labeled P. 
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SUMMARY 


Total pentosenucleic acid and desoxypentose nucleic acid were deter- 
mined in roller tube cultures of embryonic chick tissues cultivated in EE 
and Tyrode’s solution. With EE the PNA of lung cultures increased 150 
per cent, while that of heart increased 30 per cent above the initial zero 
time levels in 2 weeks. 

During the first 3 days after explantation a decrease of approximately 
50 per cent of the initial DNA in the cultures was observed. Subsequently, 
the DNA content of lung and heart cultures increased to initial levels, but 
no net synthesis was obtained. 

The nucleic acid concentration in the tissue decreased progressively dur- 
ing cultivation in EE. 

When P®-labeled phosphate was added to the embryo extract, the turn- 
over of P® in the PNA fraction of lung cultures was approximately 100 
per cent after 1 week of cultivation; 60 per cent turnover occurred in the 
DNA fraction in two weeks. Lower degrees of P® incorporation into 
nucleic acids resulted when Tyrode’s solution was used. 
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PROPIONIC ACID METABOLISM IN MOUSE LIVER SLICES* 


By L. DAUS, M. MEINKE, ann MELVIN CALVIN 


(From the Radiation Laboratory and the Department of Chemistry, University of 
California, Berkeley, California) 


(Received for publication, September 24, 1951) 


Odd carbon fatty acids are considered to be oxidized in tissue by suc- 
cessive 8 oxidation in much the same way that even carbon members of the 
series are (1-4). The terminal 3-carbon unit has been investigated to 
some extent. Atchley (5) demonstrated propionic acid as an end-product 
in the oxidation of valeric acid by a rabbit enzyme system. Studies on 
malonate inhibition with odd carbon fatty acids (6) indicated a small 
amount of conversion of the 3-carbon residue to a 2-carbon unit of the type 
CH;—CO. Siegel and Lorber (7) found that valeric acid gave much the 
same metabolic patterns in glycogen in the whole rat as would appear with 
a mixture of propionic acid and acetic acid. 

The intermediates in 8 oxidation have been investigated (8, 9) with 
enzyme systems. The results indicate comparable rates of oxidation for 
a-8 unsaturated acids and the corresponding saturated acids and forma- 
tion of identical products. §-Keto and §-hydroxy acids were oxidized 
to some extent, but there are indications that phosphorylated analogues 
are the actual intermediates. 

The fate of the end-product 3-carbon segment or propionic acid itself 
is still somewhat in doubt. Lorber ef al. ruled out the possibility of 
8 oxidation to malonate (10) in an isotopic experiment. Distribution of 
activity in this experiment showed an a-8 randomization by the time the 
oxidized propionic acid substrate appeared in liver glycogen in the intact 
rat. A comparable experiment with lactate (11) did not give complete 
a-8 randomization, and from these results it was suggested that the oxida- 
tion of propionate either does not follow a direct path, propionate-acrylate- 
lactate-pyruvate, or else has a fast side equilibration, with symmetrical 
Krebs cycle intermediates. 

In working with isolated rabbit enzymes, Huennekens et al. (12) have 
supported the theory for a direct pathway, advancing the sequence pro- 
pionate-acrylate-L-lactate-p-lactate-pyruvate, etc., with an a-hydroxy ra- 
cemase necessary for complete oxidation. The direct path of oxidation had 
been suggested in the case of mold (13) and muscle tissue (14) previously. 

In the present experiments with liver slices we wished to show, by 
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chromatographic methods, the fairly complete pattern of propionate me- 
tabolites, the substrates being a-, B-, and carboxyl-labeled propionic acid. 
Sodium bicarbonate-C" and labeled acetate were studied for comparative 


purposes 
EXPERIMENTAL 


Incubation of Liver Slices—The incubations were performed with liver 
slices, prepared by the method of Deutsch (15), from year-old, male non- 
fasted, Bagg albino mice which had been anesthetized and bled before 
removal of the liver. 1 gm. (wet weight) of liver slices was incubated with 
approximately 0.01 mm of radioactive substrate (containing 1 to 5 yc.) 
in Krebs-Ringer-phosphate buffer in one arm Warburg flasks at 37° for 
2 to 4 hours. In the experiment on malonate inhibition sodium malonate 
was present at 0.005 m concentration in the buffer. The gas phase was 
air. At the end of the incubation hydrochloric acid was introduced from 
a hypodermic needle through a rubber syringe cap on the side arm of the 
vessel. This was mixed with the contents of the flask and the evolved 
carbon dioxide was collected on paper in the center well soaked with | 
sodium hydroxide. 

Fractionation of Incubation Mizxtures—The well and papers in the center 
well were washed with water, carrier sodium bicarbonate was added, and 
barium carbonate precipitated by the usual method and counted on alu- 
minum disks in a Geiger-Miiller counter. 

The contents of the main compartment of the flask were homogenized 
and distilled to dryness in vacuo to remove the volatile material. Non- 
utilized propionic acid in the distillate was determined in one set of ex- 
periments by adding a known amount of carrier propionic acid to the 
sample after incubation was stopped, collecting the distillate from evapo- 
ration of the sample, and preparing the p-bromophenacyl] ester of the 
propionic acid. This was recrystallized to constant specific activity and 
the total activity was calculated from the specific activity. The non- 
volatile residue was taken up in water, centrifuged to remove insoluble 
protein material, and extracted continuously for 18 hours with ether. 
Aliquots of the ether and water fractions were plated directly and counted 
in a nucleometer for total activity. 

The water fraction was reduced in volume and passed through a Dowex 
A-1 anion exchange resin to remove salt and eluted with 2 n hydrochloric 
acid; the recovery of radioactivity was 70 to 80 per cent. The eluate, 
which contained 75 to 90 per cent of the water-soluble activity, was further 
analyzed. ‘Two-dimensional chromatograms on Whatman No. | filter pa- 
per were made of the salt-free eluate; phenol saturated with water at 24°, 
and 40 weight per cent of n-butyl alcohol-25 weight per cent of propionic 
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acid-35 weight per cent of water were used as the solvent systems. Two- 
dimensional chromatograms were also made of the ether extract with a 
solvent consisting of 60 volumes per cent of n-propyl alcohol and 40 vol- 
umes per cent of 12 m ammonium hydroxide in place of phenol. Less 
streaking of acids occurred in this system and mono- and dibasic acids 
separated very well in the basic solvent; thus it is particularly effective 
in differentiating lactic and succinic acids which have similar R, values 
in both phenol and butanol-propionic acid solvents. Radioautographs 
were made of the chromatograms. Relative activities in radioactive com- 
pounds on a chromatogram were determined by counting with a thin 
window Geiger-Miiller counting tube. 

Identification of Compounds—Positions of various compounds on the 
paper in the solvent systems used were determined as follows: amino 
acids by spraying with a ninhydrin solution in 95 per cent ethanol and 
subsequent heating at 100°; sugars by spraying with an aniline-phthalic 
acid reagent (16); acids by spraying with bromocresol green (0.2 per cent 
bromocresol green in ethanol and 0.001 nN sulfuric acid was used after 
ammoniacal propanol was the solvent; 0.2 per cent bromocresol green 
in the basic form in ethanol was used after butanol-propionic acid was the 
solvent); urea as a white spot upon spraying with 10 per cent mercuric 
nitrate and then with 2 Nn sodium hydroxide. Identification of a radio- 
active spot in the case of an amino acid or a sugar, for which the color 
tests are quite sensitive, was considered to be satisfactory if the radio- 
active area coincided exactly with the colored area when rechromato- 
graphed with a known carrier. The spots identified as glucose and fructose 
were also heated with 6 n hydrochloric acid for 18 hours and yielded on 
chromatography a radioactive spot coincident with carrier levulinic acid. 
Several other radioactive spots obtained from the hydrolysis were un- 
identified. 

The indicator spray test for acids was not considered sensitive enough to 
establish identity of the major acid spots. The activity coinciding with 
lactic acid was acetylated and rechromatographed to confirm the presence 
of the hydroxy function. Recrystallization of activity with carrier zinc 
lactate to constant specific activity was considered further proof of identity. 

Separation and identification of C;-C, hydroxy and keto acids by the 
solvent systems described above is unsatisfactory, since these compounds 
tend to have nearly similar R, values (0.75 to 0.90). Also, when the 
amount of radioactivity is small (less than 5000 disintegrations per min- 
ute), the time required for a radioautograph is unduly long. The use of 
a silica column with chloroform-butanol as the solvent system (17) was 
found to be particularly useful. Carrier compounds including a-hydroxy- 
butyric acid, 8-hydroxyvaleric acid, and a-ketobutyric acid were chromato- 
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graphed with the major unknown compound from the ether extract with 
chloroform-butanol of increasing butanol content as the developing sol- 
vent. Fractions (1.0 to 2.0 ml.) were obtained of the eluate, titrated 
with 0.01 N sodium hydroxide, and the C™ activity was determined by 
direct plating techniques. Coincidence of the radioactivity curve with 
the titration curve is evidence that two acids are identical. The curves 
obtained coincided when 8-hydroxyvaleric acid was used as the carrier 
acid (Fig. 1). Constant specific activity was obtained when the p-tolu- 


° VOLUME OF ELUATE BAL) 
Fic. 1. A, activity + a-hydroxybutyrie acid; B, activity + a-ketobutyric acid 
+ 8-hydroxyvaleric acid; C, acetylated activity + a-butyrie acid; D, acetylated 
activity + 8-valeric acid. Per cent by volume of butanol in chloroform-butanol 
eluting solvent, 0 per cent to 5 ml.; 1 per cent to 25 ml.; 5 per cent to 35 ml.; 10 per 
cent to 45 ml.; 15 per cent to 50 ml. 


idide (m.p. 128°), made with 8-hydroxyvaleric acid together with the 
radioactive acid, was recrystallized. Further evidence of the identity of 
the unknown acid was obtained by acetylating the radioactive compound 
together with 8-hydroxyvaleric acid and with a-hydroxybutyric acid and 
* then rechromatographing on a silicic acid column; the radioactivity co- 
incided with 8-acetylvaleric acid (Fig. 1). . 

Degradation of Alanine, Lactic Acid, and 8-Hydroryaleric Acid—To de- 
termine the distribution of radioactivity in the metabolites alanine, lactic 
acid, and 8-hydroxyvaleric acid, they were degraded. 

Alanine was degraded by the ninhydrin method of Van Slyke and 
associates (18). The acetaldehyde and carbon dioxide obtained were 
distilled in vacuo into a flask containing p-nitrophenylhydrazine (cooled 
in liquid nitrogen), the reaction vessel was replaced by a flask containing 


il 
( 


80 PROPIONIC ACID METABOLISM IN LIVER 
Eos OOTY | | 
0 20 40 0 20 
VOLUME OF ELUATE (VL) VOLUME OF ELUATE (ML) 
04} Soe 12000 = 
a-KETOBUTYRIC ACO § ACO 13000 203 500 
i 
XUM 


th 
“d 
or 
l- 


L. DAUS, M. MEINKE, AND M. CALVIN 81 


sodium hydroxide, and the carbon dioxide distilled back into it by warm- 
ing. By this method one can determine on one sample the amount of 
C™ in the carboxyl and in the a + §-carbons of alanine. 

Lactic acid, after several recrystallizations with carrier zinc lactate, was 
oxidized with 2 m chromic trioxide in 0.5 m sulfuric acid at 100° (19) and 
the carbon dioxide determined as barium carbonate. Our experiments 
indicated that as much as 10 per cent of the a-carbon of synthetic lactic 
acid may be oxidized to carbon dioxide by this procedure. The acetic 
acid obtained on degradation of lactic acid was steam-distilled and de- 
graded by the Schmidt reaction (20) to yield carbon dioxide and methyl- 
amine; the methylamine obtained was oxidized by basic potassium per- 
manganate at 100° to yield carbon dioxide. 

8-Hydroxyvaleric acid was oxidized in the same manner as lactic acid to 
yield propionic acid as the main radioactive product, with a small amount 
of carbon dioxide and acetic acid. The acetic acid and propionic acid were 
separated and identified by chromatography on a silica column in the 
manner described for the hydroxy and keto acids. The propionic acid 
was degraded by the Schmidt reaction to carbon dioxide and ethylamine. 
It was also degraded by conversion to lactic acid (21), which was degraded 
as described above. 


RESULTS AND DISCUSSION 


The amount of propionate metabolized by the liver slices varied with 
time of incubation, freshness of the slices, etc., but was about 30 to 50 per 
cent. In a 2 hour experiment with carboxyl-labeled propionate, 66 per 
cent of the activity was recovered as propionic acid, 17 per cent as carbon 
dioxide, 10 per cent in non-volatile water-soluble compounds, and less 
than 0.5 per cent in the insoluble protein residue. A 3 hour incubation 
gave corresponding values of 59 per cent propionic acid, 23 per cent carbon 
dioxide, 12 per cent water-soluble, and less than 0.5 per cent insoluble 
protein. 

The distribution of activity in various fractions and metabolites is shown 
in Tables I and II and in the chromatograms illustrated in Fig. 2. As 
would be expected with propionate as substrate, the major portion of the 
activity was found in glucose and the glycogenic compounds, alanine and 
lactic acid. Fructose, glutamic acid, aspartic acid, malic acid, and urea 
also contained significant amounts of activity. The other major com- 
ponent was identified as 8-hydroxyvaleric acid. When acetate was the 
substrate, about half of the non-volatile water-soluble activity was 8- 
hydroxybutyric acid. 

Degradations of alanine and lactic acid are shown in Table III. In 
experiments by Lorber ef al. (10) and Siegel and Lorber (7) on whole 
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Taste I 
General Distribution of Activity 

Non-volatile, Water-solu- 

| | | 
1-C"-Propionate, 2.6 10’ disintegra- 2 «18.0 §.9 | 0.6 
tions per min. per flask 2 «81.0 7.7 | 2.3 
4 43.0 10.7 0.8 
2-C-Propionate, 3.3 X 10° disintegra- 2 | 4.1 7.4 | 0.6 
tions per min. per flask 2 4.6 > a 1.9 
4 83 133 | 27 
6.8 0.1 0.9 
Unlabeled Na propionate, 1.0 mg.; 0.2 4 101.0 3.2 <0.1 
mg. NaHC™O,, 4.47 X 10’ disintegra- i 

tions per min. per flask | | 

1-C'*-Acetate, 2.84 X 10’ disintegrations 1 2.4 0.9 1.1 
per min. per flask 2 4.5 1.1 | 2.0 
2-C'-Acetate, 6.28 X 10’ disintegrations 1 | 1.6 | 1.9 1.0 
per min. per flask 2 | 2.0 | 1.2 | 2.1 


Conditions, 1 mg. of Na propionate per flask in phosphate buffer at pH 7.1; 0.01 


mM of acetate. All values as per cent of added activity. 


Taste Il 
Distribution of Activity in Chromatogramed Compounds 


| 


Compound propionate propionate’ + | acetate 
| 

25 15 | 20 
| 10 | 10 2 
want | 42 | 20 2 
| 4 l 1 
B- Hydroxyvaleric | 8 
8-Hydroxybutyriec acid............ | | 50 
It | 50 3t 
Glutamic acid. .__. 3 1 15 
givin ban 1 1 
Unidentified spots................. 2-3 344 4-5 


The relative amounts of activity in various compounds were determined by 
counting on a chromatogram with a Scott tube; the values show only approximate 


distribution, as the variation was large between experiments. 


* Values obtained from a chromatogram of water-soluble material which ex- 


tracts into alcohol after evaporation to dryness. 


t Urea would appear mostly in the effluent from ion exchange separation, which 


is not chromatographed. 


L. 
i 
| 


L. DAUS, M. MEINKE, AND M. CALVIN 83 


Taste Ill 
Degradation of Alanine and Lactic Acid 


Per cent activity in compound 


Carboxy! a 3 
Alanine Propionate-1-C™ | ov 2 
Propionate-2-C™ 85 
Inactive propionate 85 5 


+> Na 


Lactic acid, syn- «10 
thetic 2-C™ | | 
Lactic acid Propionate-1-C™ 5 
Propionate-2-C™ 18* 44 35 
Propionate-3-C™ 18.5* 39 39 
Propionate-2-C' + 1s* 49 31 


0.005 malonate 


2to4 hour incubations. All values calculated from specific activities. 
* These values indicate the upper limit, since some of the other two carbon atoms 
are oxidized. 


Taste lV 


Substrate Schmidt reaction Propionic —* lactic 
Steam- 
distillable 
COOH a 3 
Propionate-1-C" 20 66 92 225 
Propionate-2-C™ 77 225 
2 68 225 105 2 


* Per cent of activity in 3-hydroxyvalerie acid. 
t Per cent of activity in propionic acid. 


Taste V 
Malonate Inhibition 
Substrate Malonate Per cent as CO: ether | 
extraction 
| 
CH,—C*H,—Cow None 5.1 9.2 3.0 
8.9 21.3 
0.005 1.9 2.7 1.5 
C*H.—CH —CO.H None S.4 4.8 4.1 
0.005 3.1 2.0 5.0 


Time, 3 hours. 


Degradation of 8-Hydroryralerice Acid 
Chromic acid oxidation® Degradation of propionic acid in steam distillatet 


Lactic aco 
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Fig. 2, C 
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Fig. 2, D 
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animals, a randomization was found between the 1, 2, 5, and 6 carbon 
atoms of glycogen when propionic acid or propionic-producing material 
(valerie acid) was fed. Our results show a similar randomization in the 
a-6 positions of lactic acid formed from propionic acid in vitro. Such 


E F 


aco 
FRUCTOSE ASPARTIC 
wre 


Fic. 2, E Fic. 2, F 

2. A, Propionate-2-C"™, non-volatile, non-ether-extractable portion of water- 
soluble activity eluted from Dowex A-1 column; B, propionate-2-C™, ether-extract- 
able portion of water-soluble activity; C, inactive propionate + sodium bicarbonate- 
C', non-volatile, non-ether-extractable portion of water-soluble activity taken up 
in aleohol to remove salt; D, propionate-2-C™ + malonice acid, 0.005 M, ether-extract- 
able portion of water-soluble material; FE, acetate-2-C", non-volatile, non-ether- 
extractable water-soluble activity in eluate from Dowex A-1 column; F, acetate-2-C", 
ether-extractable portion of water-soluble activity. 


randomization could occur in two ways. Either there is a direct addition 
of carbon dioxide to propionic acid, forming succinic acid (the reverse 
of a reaction observed in some bacteria (22)), which is then oxidized through 
fumaric and malic acids, leading to a symmetrical distribution in the 
lactic acid, or a direct oxidation to pyruvate is accompanied by an ex- 
tremely rapid equilibration with symmetrical intermediates in the triear- 
boxvlie acid evele. 


The degradation of the 8-hydroxyvalerie acid is shown in Table IV. 


| 
P-HYDROXYBUT YMC ACD 
= 
LACTIC AC 
ace 


86 PROPIONIC ACID METABOLISM IN LIVER 


When a-labeled propionate is the substrate, the y position of the hydroxy- 
valerie acid contains activity, while the 8 and 6 positions are inactive, 
This would indicate that a direct propylation has occurred between pro- 
pionate and a C, fragment before the a- and 8-carbons of the propionate 
have become randomized, as in the formation of lactic acid. The forma- 
tion of 8-hydroxyvaleric acid is analogous to the formation of acetoacetiec 
acid and 8-hydroxybutyric acid from acetate and might be considered the 
reverse of 8 oxidation of a fatty acid. 

In the experiment on malonate inhibition (Table V), there was a lower- 
ing of the amount of propionate metabolized to carbon dioxide and also 
of the water-soluble compounds formed. 


SUMMARY 


The metabolites from propionic acid metabolism in mouse liver slices 
have been studied by chromatographic methods for isolation and _ iden- 
tification. 

The degradation data show randomization between the a- and 8-carbons 
of the lactic acid which is formed. When a-labeled propionate is the 
incubation substrate, the activity in the resulting 8-hydroxyvaleric acid 
is principally in the y position and the 8 and 6 positions are inactive. 


The authors wish to express their appreciation to Dr. E. L. Bennett 
for his interest in this work. 
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SEPARATION OF ACETYL TRANSFER ENZYMES IN 
PIGEON LIVER EXTRACT* 


By T. C. CHOU ann FRITZ LIPMANN 


(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, December 3, 1951) 


Pigeon liver extract has proved to be a store-house of biosynthetic and, 
particularly, acetylation reactions. Acetylation of arylamine (1), hista- 
mine (2), and glucosamine (3) and the synthesis of acetoacetate (4) and of 
citrate (5) were found in this extract. In all these systems, acetate, co- 
enzyme A (CoA), and adenosinetriphosphate (ATP) react with the various 
acetyl acceptors. From early data, it had become quite likely that acetate, 
CoA, and ATP reacted enzymatically to yield the common acetyl donor, 
which carried the acetyl to the various acceptors by way of more or less 
specific transfer enzymes (4, 6). A rigorous proof for this interpretation 
could be obtained only through a separation of the specific enzyme systems 
involved. Some preliminary progress had been made by fractionation with 
ammonium sulfate (7), but fractionation with acetone in the cold proved 
to be most successful for this purpose. A preliminary report of the results 
of these experiments was published previously (8). 


Analytical Methods 


Acetylation of aromatic amines was determined by the method of Brat- 
ton and Marshall (9). Citrate was determined by the method of Krebs 
and Eggleston (10) as modified by Novelli and Lipmann (11). Determina- 
tion of acetoacetate was carried out by the salicylaldehyde method of Behre 
(12), by applying a microdiffusion technique similar to that described by 
Stadtman ef al. (13). As a diffusion chamber, a 25 ml. Pyrex Erlenmeyer 
flask was used, into which a glass cup containing bisulfite was inserted. 
The glass cup was prepared by sealing 1.5 to 2 cm. of the lower end of a 
13 X 100 mm. Pyrex test-tube to a Pyrex glass rod, 8 cm. long and 4 mm. 
in diameter. The glass rod was fitted tightly into a No. 1 rubber stopper 
and adjusted to leave about a 1 cm. space between the bottom of the cup 
and the fluid level. 1 to 2 ml. of the sample was placed in the bottom of 
the Erlenmeyer flask and 0.2 ml. of 15 N sulfuric acid was added. Im- 
mediately, the cup containing 0.4 ml. of m sodium bisulfite solution was 
inserted. The tightly stoppered flask was incubated for 12 to 16 hours at 


* Supported by grants from. the Rockefeller Foundation and the Commonwealth 
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37° and subsequently placed for 20 minutes in the refrigerator. Then the 
contents of the cup were poured into a small test-tube and the cup was 
washed twice with 0.3 ml. of water. 0.05 ml. of salicylaldehyde and 1 ml. 
of saturated potassium hydroxide were added to the combined sample and 
washings. The rest of the procedure corresponds to that described by 
Behre (12). 

Acetyl phosphate was determined according to Lipmann and Tuttle (14), 

For protein determinations, the turbidimetric estimation of the trichlo- 
roacetic acid precipitate was used as described by Stadtman et al. (15). 


Ammonium Sulfate Fractionation 


On various previous occasions, the ammonium sulfate fractionation has 
been used for a concentration of the arylamine-acetylating system (7). It 


Taste I 
Ammonium Sulfate Fractionation of PABA-Acetylating Enzyme System 


Per cent saturation Enzyme fractions 
mm. units per mi.* total wnits® 
35 49 15 725 
40 4.8 20 95 
3S NS 3344 
60 26.5 60 1590 
70 16 10 160 
SS 15 2 30 


The test system contained, per ml., 100 um of sodium bicarbonate, 100 um of so- 
dium acetate, 5 um of ATP, 40 us of citrate, 5 um of cysteine hydrochloride, 20 units 
of CoA, and 1 uM of p-aminobenzoic acid. 

* See the text for definition. 


had been found that, between 35 and 70 per cent saturation, a fraction is 
obtained which is free of some undesirable enzymes. This fraction, which 
contains the arylamine acceptor enzyme as well as the ATP-acetate reac- 
tion, has been used also for more discriminating assays of CoA (16). This 
fraction contains the acetoacetate-synthesizing enzyme (4) as well as the 
citric acid-condensing enzyme (5). It appeared of interest to carry out a 
closer fractionation. 

Pigeon liver acetone powder was extracted and aged as described by 
Kaplan and Lipmann (17). The fractions were prepared by careful addi- 
tion of solid ammonium sulfate. The precipitate was removed by centrif- 
ugation and dissolved in a small amount of water. It was then dialyzed 
against 9 liters of a solution of 0.02 m sodium bicarbonate and 0.001 ™ 
cysteine. 

1 unit of acetylating enzyme was defined as that amount which gives 0.1 
uo of acetyl arylamine in 90 minutes at 30° in a fully reconstructed system. 
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p-Aminobenzoic acid (PABA) was used almost exclusively as the acetyl 
acceptor. 

It will be seen from Table I that most of the PABA-acetylating system 
is precipitated between 40 and 50 per cent ammonium sulfate saturation. 
A considerable amount is still taken down between 50 to 60 per cent satu- 
ration. In these experiments attempts had been made to follow a separa- 
tion of the ATP-acetate donor reaction and the amine acceptor enzyme. 
Recombination experiments were carried out which showed some separa- 
tion of the donor and acceptor system. 


Acetone Fractionation 


All operations were carried out in the cold. For centrifugation a refrig- 
erated centrifuge was used. In most of the experiments, pigeon liver ace- 
tone powder, to give a 10 per cent suspension, was stirred gently for 5 
minutes in a 25 per cent acetone solution containing 0.1 m tris(hydroxy- 
methyl)aminomethane buffer of pH 8.2. The temperature was kept 
around —5°. Insoluble material was removed by centrifugation at 4000 
r.p.m. for 10 minutes. The temperature of the centrifuge was kept at 
15°. 

The first residue was generally discarded. The supernatant fluid was 
brought to 40 per cent by cautious addition of acetone and centrifuged as 
described. The pasty precipitate was dissolved in 1 ml. per gm. of original 
powder of m tris(hydroxymethyl)aminomethane buffer of pH 8.2 and dia- 
lyzed for 12 hours with one change of fluid. The outside fluid consisted of 
45 liters of a solution containing 0.001 m cysteine hydrochloride, 0.02 m 
sodium bicarbonate, and 0.5 per cent potassium chloride; the pH was ad- 
justed to 8 by addition of sodium carbonate. In a similar manner, frac- 
tions at 50 and 60 per cent acetone concentration were obtained. Occa- 
sionally, an earlier fraction at 33 per cent and a later fraction at 70 per 


cent were collected. 


Separation of PABA-Acetylating System into Two Components 

The most interesting fractions were those obtained at 40 per cent (Frac- 
tion A-40) and between 40 and 60 per cent (Fraction A-60) acetone concen- 
tration. When tested for the acetylation of PABA, neither of these two 
fractions showed appreciable acetylation alone, but a strong acetylation 
was found when the two fractions were combined. The acetylation effect 
of various fractions is shown in Table IT. 

In Table III, the combination of a constant amount of acceptor fraction, 
A-60, with variable amounts of donor fraction, A-40, is studied. It appears 
that at the lowest level used, 0.05 ml. of Fraction A-40, the system is al- 
most saturated, and at the level of 0.2 ml. there is a slight depression, 
owing possibly to a competition of the PABA acetylation with another 
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reaction, presumably the acetoacetate synthesis. In the experiments of 
Fig. 1, the reverse situation is studied. Fraction A-40 is kept constant at 
the optimal concentration of 0.1 ml. and Fraction A-60 is varied. Here at 


Taste II 
Test of Various Acetone Fractions for PABA Acetylation 


Fractions*® Amount acetylated Protein per 0.2 ml. 
més 
| 0.19 | 6.6 


Test for separate fractions, components per ml., 200 um of tris(hydroxymethyl)” 
aminomethane buffer, pH 8.3, 10 um of cysteine hydrochloride, 100 um of sodium 
acetate, 5 um of ATP, 10 um of MgCl., 1 um of PABA, and 13 units of CoA. Test 
for the combined system, components per 1.4 ml., 200 um of tris(hydroxymethy!l)- 
aminomethane buffer, pH 8.3, 10 um of cysteine hydrochloride, 5 um of sodium ATP, 
100 um of acetate, 10 um of MgCl,, 100 um of NaF, 24m of PABA, and 13 units of CoA. 
Incubated for 90 minutes at 30°. 

* The numbers indicate per cent acetone. 


Taste Ill 
PABA Acetylation with Combination of Acetone Fractions A-40 and A-60 
Fraction A-40 | Fraction A-60 | Acetyl PABA 
mi. mil. pe 

0.3 | 0 0.05 
0 | 0.3 | 0 

0.05 | 0.2 , 0.92 
0.1 | 0.2 | 1.02 
0.2 | 0.2 | 0.88 


Components as in Table II. 


the lower levels, acetylation is nearly proportional with the concentration 
of Fraction A-60, which obviously at these levels is the limiting factor in 
the system. 

It appears that Fraction A-40 contains the ATP-acetate donor system, 
while Fraction A-60 contains the acceptor system. This was shown by 
combining Fraction A-60 with another donor system, namely acety! phos- 
phate-transacetylase. 
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In Table IV, PABA acetylation with Fraction A-60 is compared with 
the two acetyl donor systems. The donor function of transacetylase-acety! 
phosphate-CoA, due to formation of acetyl~CoA, was first described by 


— mi A40 


UM ACETYL- PABA 
5 


A60 


mi A6O 

Fic. 1. Acetylation of PABA with Fractions A-40 and A-60 added in various pro- 
portions. The system contains M tris(hydroxymethy!l)aminomethane buffer, pH 8.3, 
0.2 ml.; 0.1 m cysteine, 0.1 ml.; 0.05 m sodium ATP, 0.1 ml.; m sodium acetate, 0.1 
ml.; 0.1 a MgCl», 0.1 ml.; a NaF, 0.1 ml.; 0.01 « PABA, 0.2 ml.; and CoA, 11 units 
in 0.1 ml. Total volume, 1.4 ml. Incubated at 30° for 90 minutes. 


Taste IV 


Equivalent Donor Function of ATP-Acetate Fraction A-40, and Acetyl 
Phosphate-Transacetylase for PABA Acetylation with Fraction A-60 


| Acetyl donor im acetylated 
| 
1 A-60 + A-40 ATP + acetate 0.85 
A-60 + A-40 _ Acetyl phosphate 0 
2 A-60 + C. kluyveri extract 0.72 


The reaction system contained 200 um of tris(hydroxymethy!)aminomethane buf- 
fer, pH 7.2, 100 um of cysteine, 100 um of MgCl:, 2.5 um of PABA, 0.2 ml. of Fraction 
A-60, and 11 units of CoA. Enzyme System 1 contained 0.1 ml. of A-40 and 5 ua of 
ATP and 100 us of acetate or 30 um of sodium acetyl phosphate. Enzyme System 
2 contained 30 um of acetyl phosphate and 0.5 ml. of C. kluyveri extract (15). Ineu- 
bated for 90 minutes at 28°. 


Stadtman et al. (15). The equivalence of transacetylase and of Fraction 
A-40 or A-50 with respective substrates indicates now that the ATP-CoA- 
acetate reaction likewise must yield acetyl~CoA. 


transacetvlase 


Aesty! phosphate + CoA \ Fraction A-60 


acetvyI~CoA >acetyl PABA 
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Fractionation of Fraction A-40 with Protamine 


Fraction A-40 contains, besides the ATP-acetate reaction, also the ac- 
ceptor enzymes for citrate and acetoacetate synthesis. For a further sepa- 
ration, acetone precipitation appeared unsuitable, and after a number of 
trials it was found that on addition of protamine solution a precipitate 
formed containing the acetoacetate enzyme, while the citrate reaction re- 
mained in the supernatant. The precipitation with protamine was carried 
out at room temperature. 20 ml. of dialyzed' Fraction A-40 were freed of 
some precipitate by centrifugation. A saturated, approximately 2 per cent 
protamine solution was prepared by stirring 2 gm. of protamine sulfate 
(Krishell) with 100 ml. of warm water and discarding some undissolved 
material. This stock solution was diluted 10-fold with 0.04 a tris(hydroxy- 
methyl)aminomethane buffer of pH 8.2 and added dropwise with stirring 
as long as a precipitate formed. The end-point was determined by cen- 
trifugation. The protamine precipitates were combined and sharply cen- 
trifuged on a Servall centrifuge at 10,000 r.p.m. 

The precipitate was eluted in a glass homogenizer with 5 to 10 ml. of 
sodium chloride solution. The remaining undissolved material was dis- 
carded. The eluate contained the acetoacetate-synthesizing enzyme. 
The dialyzed fraction is referred to as protamine precipitate (PP). 

The supernatant of PP was either dialyzed directly or, to remove traces 
of acetone, precipitated by saturation with ammonium sulfate and subse- 
quently dialyzed. This fraction is referred to as the protamine supernatant 
(PS). It contains the citrate-synthesizing enzyme and the ATP-acetate 
donor system. When this fraction was frozen and thawed twice, a precipi- 
tate formed and was discarded. The supernatant was now free of ATP- 
acetate donor system, but retained its full capacity of synthesizing citrate 
when combined with the donor system. The fractionation results are illus- 
trated in Table V by data on acetoacetate and citric acid synthesis with 
ATP and acetate or transacetylase-acety] phosphate, respectively, as the 
donor system. The equivalence of the two donor systems shown in Table 
IV with the PABA acetylation is further amplified by these experiments 
with two other acceptor systems. , 

The protamine-precipitated fraction was used in the experiments on the 
mechanism of acetoacetate synthesis recently described by Stadtman et al. 
(13). It was shown there that acetoacetate synthesis occurs by condensa- 
tion of 2 molecules of acetyl~CoA. 

The results of the combined acetone-protamine procedure are summa- 
rized in Scheme 1. 

' For subsequent protamine precipitation, dialysis was carried out against a solu- 
tion of 0.001 m cysteine hydrochloride, 0.02 m sodium bicarbonate, and 0.05 per cent 
potassium chloride, adjusted with sodium carbonate to pH 8. 
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Taste V 
Separation of Acetoacetate and Citrate Acceptor Enzymes by Protamine Precipitation 
of Fraction A-40 
Acety! donor 
! ATP acetate Acetyl + 
Acetoacetate formed 0.43 0.06 0.06 0.36 
| 0.13 1.6 
Citrate formed | 1.09 0.18 2.3 0.22 


Components for acetoacetate synthesis per 1.16 ml., 200 um of tris(hydroxy- 
methyl )aminomethane buffer, pH 8.2, 10 um of cysteine hydrochloride, 10 um of MgCl, 
60 uu of sodium fluoride, and 11 units of CoA; 5 um of ATP, 100 uo of qcetate, or 25 
au of lithium acetyl phosphate, and 0.1 ml. of transacetylase. Components for cit- 
rate synthesis per 1.6 ml., 200 um of tris(hydroxymethy!)aminomethane buffer, pH 
7.2, 104 m of cysteine hydrochloride, 10 um of MgCls, 11 units of CoA; 10 um of ATP 
and 100 um of acetate, or 25 us of lithium acetyl phosphate and 0.1 ml. of transacety- 
lase; 20 um of oxaloacetate adjusted pH 7.5. Enzyme fractions, 02 ml. respectively; 
® minutes incubation at 30°. 


Scueme 1. Survey of enzyme fractions 
25 per cent acetone extract 


| 


40% acetone ppt. (A-40) Supernatant 
ATP-acetate reaction, 60% acetone ppt. (A-60) 
acetoacetate synthesis, 
citrate synthesis, Arylamine acetylation, 
glutamine synthesis | acceptor enzyme 
| 
Protamine ppt. (PP) Protamine supernatant (PS) 
Acetoacetate synthesis Citrate synthesis, ATP- 


acetate reaction 


Freezing-thawing, supernatant 
Citrate synthesis 
Magnesium Effect on PABA Acetylation 


A quite pronounced stimulation by magnesium ion (ef. also Nachman- 
sohn John (18)) was found with purified fractions. The stimulatory 
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effect of magnesium is shown in an experiment presented in Table VI, 
which was carried out with a combination of Fractions A-50 and A-@0 
containing the ATP-acetate donor system and the PABA acceptor system 
respectively. If a similar experiment was carried out with Fraction A-60 
and transacetylase-acetyl phosphate, no magnesium stimulation was found, 
It is, therefore, likely that the magnesium effect is specific for the ATP- 
acetate reaction. 

A further observation, possibly connected with the magnesium effect, 
may be mentioned here; namely, the inhibition of PABA acetylation by 
lithium ion. It was observed with a system of combined Fractions A-40 
and A-60 that lithium acetyl phosphate, in the presence of ATP-acctate, 


Taste VI 
Effect of Magnesium on PABA Acetylation 
PABA acetylated 
Fraction A-50 Fraction A-O 
No MgCle With MgCl 
0.3 0 0.05 
0.1 0.01 0.11 
0.1 0.1 0.14 0.47 
0.1 0.2 | 0.27 0.60 
0.1 0.3 0.27 0.77 


Components, per 1.5 ml., 200 ut of tris(hydroxymethy! )aminomethane buffer, pH 
8.3, 10 um of cysteine hydrochloride, 100 um of acetate, 5 um of sodium ATP, 40 gx 
of citrate, 13 units of CoA, 1.5 um of PABA, and, if added, 25 um of MgCl,. Inew 
bated 90 minutes at 28°. 


not only failed to promote acetylation, but caused considerable inhibition. 
A corresponding inhibition was found with lithium chloride; for example, 
20 wm per ml. inhibited 55 per cent and 40 um per ml. 84 per cent. Lithium 
did not inhibit PABA acetylation with Fraction A-60 when transacetylase 
and acetyl phosphate were used as acetyl donor. Therefore, it appears 
to inhibit the ATP-acetate reaction. 


Studies on AT P-Acetate Reaction in Fraction A-40 


It was observed some time ago that with ATP and acetate in a pigeon 
liver extract, by inclusion of hydroxylamine as interceptor, acethydroxamic 
acid was formed in considerable amounts (19); it was found subsequently, 
by Nathan O. Kaplan in this laboratory, that this hydroxamiec acid forma- 
tion was CoA-dependent. In the absence of hydroxylamine, no accumula- 
tion of reactive material occurred; the reactive substance obviously had to 
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be trapped immediately by hydroxylamine. These circumstances and the 
non-reactivity of acetyl phosphate as acetyl donor in pigeon liver extracts 
(1) excluded a net formation of acetyl phosphate. Very commonly, how- 
ever, an enzyme had been found in bacterial extracts which catalyzes the 

te transfer from ATP to acetate, yielding acetyl phosphate (20-22). 
In view of this well characterized reaction, the interpretation of the hy- 
droxamic acid formation in pigeon liver extracts favored the assumption of 
an acetyl phosphate formation and fixation on the enzyme surface, which 
never led to an accumulation of the compound in the solution. 

Recently, however, an important difference between the bacterial and 
the liver “ATP-acetate reaction” became evident; namely, that only the 
liver process appears to be CoA-dependent (23). On the other hand, in 
contrast to acetyl phosphate, which needs transacetylase-CoA for activa- 
tion, the compound yielded in liver extract immediately acts as acetyl 
donor. It may be used alternatively with acetyl phosphate-transacetylase- 
CoA. The latter, however, was shown by Stadtman ef al. (15) to yield 
acetyl~CoA, the chemical equivalent of the so called “active acetate.” 
Acetyl~CoA, therefore, should likewise be the product of the ATP-acetate- 
CoA reaction in liver extracts. 

The following experiments with the liver fractions supply experimental 
evidence for this view. They indicate a partly chemical, partly enzymatic 
reaction of the type 


AcetyI~CoA + hydroxylamine — acethydroxamic acid + CoA 


as an explanation for the hydroxamic acid formation from ATP-acetate- 
CoA. 

A separate study of the donor reaction in liver extracts could be carried 
out by the use of Fraction A-40, which contains the donor fraction sepa- 
rated from the PABA acceptor system. 

If Fraction A-40 is used alone, the rate of hydroxamic acid formation 
was found to depend markedly on the concentration of hydroxylamine. 
As shown in Table VII, an increase from 0.03 to 0.2 m hydroxylamine 
caused a tripling of the hydroxamic acid formed. If, however, Fraction 
A-60 was combined with Fraction A-40, the highest yield of hydroxamic 
acid was obtained with the lowest concentration, 0.03 m hydroxylamine. 
The latter results correspond to results obtained previously with crude 
pigeon liver extract (19). From these observations, it may be concluded 
that with Fraction A-40 alone the product of the ATP-acetate-CoA interac- 
tion reacts non-enzymatically with hydroxylamine, and this reaction exhib- 
its a rather strong concentration effect. With a combination of Fractions 
A-40 and A-60, however, there appears (Table VII) besides the chemical 
an enzymatic acetylation of hydroxylamine through an enzyme in Fraction 
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A-60, possibly identical with the arylamine acceptor enzyme. No hydrox- 
amic acid was formed with Fraction A-60 alone. 

Since with Fraction A-40 alone relatively high concentrations of hy- 
droxylamine were used, it appeared to be necessary to exclude a CoA- and 
ATP-independent lipase-catalyzed hydroxamic acid formation, which, with 


Tasie VII 
Hydroramic Acid Formation from ATP-Acetate-CoA with Fractions A-40 and A-60 


A-40, 0.1 mi. A-40, 0.3 ml A-60, 0.3 mi. we 
0.027 0.10 0.33 0.00 1.16 
0.068 0.08 0.57 0.00 0.60 
0.170 0.34 0.97 0.01 0.53 
0.420 0.38 1.09 0.08 0.42 


The system contains 0.15 mm of tris(hydroxymethyl)aminomethane buffer, pH 
8.3, 7.5 um of cysteine hydrochloride, 7.5 um of sodium ATP, 75 um of sodium acetate, 
7.5 um of MgCl., 45 wm of sodium fluoride, and 8.2 units of CoA. Total reaction 
volume, 1.34 ml. Incubated for 90 minutes at 28°. 


VIII 
Dependence of Hydrozamic Acid Formation with Fraction A-40, ATP, Acetate, and 
CoA 
Enzyme system Hydroxamic acid formed 


Components in 1.40 ml., 200 um of tris(hydroxymethyl)aminomethane buffer, pH 
8.3, 10 um of cysteine, 10 um of MgCl,, 60 um of sodium fluoride, 500 um of hydroxy!l- 
amine, pH 7; if added, 10 um of ATP, 100 um of sodium acetate, and 10 units of CoA. 
Incubated for 90 minutes at 30°. 


higher fatty acids, had been observed in liver extracts (24). As shown in 
Table VIII, no reaction occurred without ATP and only a feeble reaction 
was observed on omission of CoA or of acetate. The latter presumably 
was due to the presence of traces of CoA and of acetate in the enzyme 
system. 

The hydroxamic acid formed was furthermore identified by paper chro- 
matography as acethydroxamic acid.?_ It is concluded, therefore, that ace- 


? By chromatography with butanol-water on Whatman No. | paper, frequently 4 
second more slowly moving unidentified spot appeared, 
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tyl~CoaA is, indeed, the product of the ATP-acetate-CoA interaction and 
that it reacts rather readily with hydroxylamine to form CoA and acethy- 
droxamic acid. 

Acetyl Phosphate Formation Through Fraction PS Plus Transacetylase 
—It had been shown by Stadtman et al. (15) that transacetylase catalyzes 
the reaction 

Acetyl~CoA + phosphate = acetyl phosphate + CoA 
If the ATP-acetate-CoA reaction in Fraction PS resulted in a formation 


O. 


° 


uM ACETYLPHOSPHATE FORMED 


PS AND 
TRANSACETYLASE 


TIME IN MINUTES 


Fic. 2. Acetyl phosphate formation with pigeon liver fraction, PS, on combina- 
tion with transacetylase. The experimental conditions were analogous to those 
described in Table V. Acetyl phosphate was determined at the end of the experi- 
ment by the hydroxamic acid method (14). 


of acetyl~CoA, then transacetylase plus phosphate should convert it to 
acetyl phosphate. As mentioned above, in pigeon liver extracts a net for- 
mation of acetyl phosphate had never been observed. Hydroxamiec acid 
formed only if hydroxylamine was allowed to react immediately with the 
acetyl precursor. As shown in Fig. 2, incubation of ATP, acetate, and 
CoA with pigeon liver Fraction PS plus transacetylase results, however, 
in the accumulation of considerable amounts of acetyl phosphate. No 
acetyl phosphate was formed under similar conditions with either trans- 
acetylase or Fraction PS alone. A purified transacetylase preparation 
(15) was used in these experiments. 

A further confirmation for formation of acetyl~CoA in the ATP-acetate- 
CoA reaction was found in experiments with arsenate. It is known from 
the experiments of Stadtman and Barker (25) and of Stadtman et al. (15) 
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that in the transacetylase system arsenate causes the hydrolysis of acetyl 
phosphate. Acetyl~CoA reacts on transacetylase with arsenate and forms 
acetyl arsenate, which then spontaneously hydrolyzes to acetate and ar- 
senate. It is shown in Table IX that, in the absence of transacetylase, the 
hydroxamic acid formation and PABA acetylation with ATP-acetate-CoA 
as donor were not affected by arsenate. As shown in Enzyme System 2 
of Table [X, the hydroxamic acid formation may even be slightly increased 


Tasie IX 
Transacetylase-Mediated Arsenate Inhibition of Hydrozamic Acid Formation and of 
PABA Acetylation 


PS 1.83 
+ transacetvlase 2.38 
0.4 
2 A-40 1.00 
A-40 1.22 
3 Liver extract 0.95 
0.92 
+ transacet vlase 0.02 


Components for the hydroxamic acid reaction, Enzyme System 1, per 1.1 ml. 
100 ua of phosphate buffer, pH 7.2, 10 um of cysteine, 5 um of ATP, 530 ue of acetate, 
1 um of MgCl,, 330 um of hydroxylamine, and 10 units of CoA. Enzyme additions, 
0.2 ml. of PS and 0.1 ml. of C. kluyveri concentrate (15) for transacetylase. Incu- 
bated for 90 minutes at 28°. Enzyme System 2, per 1.44 ml., 200 um of tris(hy- 
droxymethy])aminomethane buffer, pH 8.3, 10 um of cysteine, 5 um of ATP, 100 ax 
of acetate, 10 um of MgCl., 60 um of sodium fluoride, 560 um of hydroxylamine, 1! 
units of CoA, and 0.3 ml. of Fraction A-40. Incubated for 90 minutes at 30°. 

Components for acetylation of PABA, Enzyme System 3, per 1.76 ml., 5 um of 
ATP, 100 um of acetate, 1 um of PABA, 10 um of MgCl., 10 um of cysteine, 200 ua of 
tris(hydroxymethy! )aminomethane buffer, pH 8.2, and 20 units of CoA. Enzyme 
additions, 0.3 ml. of dialyzed and aged crude pigeon liver extract and 0.2 ml. of C. 
kluyveri concentrate for transacetylase activity. 


by arsenate. When transacetylase is added, however, arsenate inhibits 
both reactions almost completely. An analogous inhibition of citrate and 
acetoacetate synthesis by arsenate plus transacetylase was observed. 
These results show that the ATP-acetate-CoA interaction is not open to 
interference by arsenate. But transacetylase, when added to the pigeon 
liver system, allows the acetyl~CoA formed in the former reaction to 
equilibrate with arsenate to form unstable acetyl arsenate. In this man- 
ner arsenate causes the hydrolytic destruction of the acetyl donor and 
inhibits acetylation reactions in general. 
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Comments 


The acetyl transfer reaction may now quite generally be formulated as 
a sequence of three separate processes: (1) the acetylation of CoA by 
various transferases deriving the acetyl group from, for example, acetyl 
phosphate (15), pyruvate (26), or acetoacetate (27); (2) the acetyl carrier 
function of CoA which communicates between acetyl donor and acceptor 
systems; and (3) the eventual acetylation, partly reversible, partly irre- 
versible, on the acceptor-specific enzymes. This group of enzymes may 
be named provisionally “acetokinases,” in parallel with the phosphokinases. 
Scheme 2 illustrates the formulation proposed here. In addition to the 
acetyl transfer function, a succinyl transfer via CoA is indicated by recent 


DONOR SYSTEMS ACCEPTOR SYSTEMS 
TRANSACETYLASES: ACETOKINASES: 
Ac~ph Acetyl SAM,Choline 
STAMINE 
GLUCOSAMINE 
AMINO ACIDS 
Acetyi~Formate HYOROXYL AMINE 


ACETATE + ATP ACETO ACETATE 
Scueme 2 


work by Sanadi et al. (28), Kaufman and Ochoa (29), and Shemin and 
Wittenberg (30) and may, according to Shemin and Wittenberg, be operat- 
ing in pyrrole synthesis. 

The proposed carrier function of CoA has recently been substantiated 
by the isolation of acetyl~CoA by Lynen and Reichert (31). In the 
meantime, Stadtman, in continuation of his work on transacetylase, de- 
veloped a method of acetylation of CoA with acetyl phosphate and trans- 
acetylase.? This procedure has been confirmed in this laboratory and is 
developed now for isolation of acetyl~CoA, confirming the results of 
Lynen. Further work on the chemistry and biochemistry of acetyl~CoA 
is now in progress and will be reported subsequently. It may be mentioned 
here that the reaction of acetyl~CoA with hydroxylamine, proposed in 


* Private communication. 
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accordance with the present enzymic results, was confirmed with isolated 
acetyl~CoA. This hydroxamic acid reaction of acetyl~CoA at neutral 
or mildly acid reaction appears to be a useful guide for following prepara. 
tive work on the acetylated coenzyme. 


We are much indebted to Dr. Stadtman, Dr. Novelli, and Dr. Soodak 
for help and criticisms. In particular, we are grateful to Dr. Stadtman 
for communicating to us his method for the preparation of acetyl~CoA 
and for the generous supply of Clostridium kluyveri extract. We are also 
indebted to the American Cancer Society for funds to purchase a cool- 
ing circulating bath. 

SUMMARY 


A separation of the various acetylation systems in pigeon liver extract 
is obtained by a combined acetone-protamine procedure. The system for 
arylamine acetylation was split into two enzyme fractions, corresponding 
to acetyl donor and acceptor enzyme respectively, the ATP-acetate-CoA 
donor system precipitated at 40 per cent acetone concentration (Fraction 
A-40). The arylamine acceptor enzyme was obtained from the superna- 
tant by further addition of acetone (Fraction A-60). The two fractions 
are acting only on recombination, but not separately. 

Fraction A-40 contained the ATP-acetate donor reaction still combined 
with acceptor enzymes for acetoacetate and citrate synthesis. Protamine 
addition precipitates the acetoacetate acceptor enzyme and leaves the 
citrate system in solution. 

The ATP-acetate-CoA donor system was studied in Fraction A-40. 
Evidence was obtained that the primary product of reaction is acety]~CoaA. 
The hydroxamic acid formation in pigeon liver extracts with ATP and 
acetate, previously described, is due to a partly chemical, partly enzymatic 
reaction between acetyl~CoA and hydroxylamine. It is shown that the 
acetyl~CoA formed in the pigeon liver extract may be converted to 
acetyl phosphate if transacetylase plus phosphate is included. Further- 
more, arsenate, which is by itself without effect on the liver system, in- 
hibits acetylation if transacetylase is added. 

A general scheme for acetylation systems is offered in which acety]~CoA 
acts as a carrier of “active acetate” between acetyl-donor enzymes (trans- 
acetylases) and acetyl-acceptor enzymes (acetokinases). 
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THE ACETYLATION OF p-GLUCOSAMINE BY PIGEON LIVER 
EXTRACTS* 


By T. C. CHOU ann MORRIS SOODAK 
(From the Biochemical Research Laboratory, Massachusetts General Hospital, and the 
Department of Biological Chemistry, Harvard Medical School, Boston, 
Massachusetts) 


(Received for publication, December 3, 1951) 


One of the few naturally occurring acetyl derivatives in the animal body 
is that of glucosamine. It is well known that glucosamine is present in a 
large number of polysaccharides in many organisms and almost always is 
present there in acetylated form. During studies in this laboratory on 
the acetylation reaction, we, therefore, became interested in the possibility 
of carrying out an enzymatic acetylation of glucosamine in vitro. Pigeon 
liver extract had previously been used extensively in experiments on enzy- 
matic acetylation and had been found to contain acetylating systems for 
several amines (1, 2). It will be reported here that this extract likewise 
contains the system for acetylation of glucosamine. As with previously 
studied acetylation reactions, glucosamine acetylation is also dependent on 
coenzyme A (CoA) or, more precisely, acetyl~CoA is the immediate 
acetyl donor in this reaction. 


Materials and Methods 


Enzyme Preparations—Pigeon liver acetone powder and aged extracts 
therefrom were prepared as described by Kaplan and Lipmann (3). The 
acetone fractionation of these extracts was carried out according to Chou 
and Lipmann (4). The transacetylase used was a partially purified prepa- 
ration from Clostridium kluyveri (Stadtman et al. (5)). 

Chemical M ethods—Acetylglucosamine was determined by the following 
modification of the Morgan and Elson method (6). At the termination 
of the enzymatic reaction, 0.5 ml. of the reaction mixture was pipetted 
into a clean test-tube and 0.5 ml. of distilled water was added. 2 ml. 
of 5 per cent trichloroacetic acid were then added for deproteinization. 
After centrifuging, the supernatant fluid is poured off with draining into 
a 25 ml. test-tube. 1 ml. of molar sodium carbonate is added and the 
tubes are heated for 20 minutes in a boiling water bath and cooled in cold 
water. 5 ml. of 95 per cent ethanol are added to each tube with shak- 


* Supported by a grant from the Nutrition Foundation. The authors wish to 
thank Dr. Fritz Lipmann for advice and encouragement during the course of this 
work. 
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ing, followed by 1 ml. of Ehrlich’s reagent (1.6 gm. of dimethylamino- 
benzaldehyde in a mixture of 30 ml. of concentrated HC] and 30 ml. of 
95 per cent ethanol). After shaking, the tubes are kept at 37° for 30 
minutes for development of color, and then read on a Klett colorimeter 
with a 540 my filter. Known amounts of acetylglucosamine, incubated 
under the same conditions as the experimental tubes, serve as internal 
standards. 

When paper chromatograms were run, the remainder of the incubation 
mixture was treated with 3 ml. of 95 per cent ethanol and the tubes were 
allowed to stand half an hour for protein precipitation. After spinning, 
the supernatants were evaporated to dryness in a bath at 40° or below by 
means of a stream of air. The residue was extracted with 2 ml. of 95 per 
cent ethanol and the extracts brought to dryness again. The final residue 
was dissolved in 0.1 to 0.2 ml. of water and appropriate aliquots applied 
to Whatman No. | sheets. Ascending chromatograms were run for 16 
hours with 80 per cent propanol containing 0.8 per cent ammonium acetate 
as the solvent. The spots were developed by the methods described by 
Partridge (7). The R, for glucosamine and chondrosamine is 0.32. The 
R, for acetyl glucosamine is 0.46. 


Results 


Acetylation in Crude Pigeon Liver Extracts—With enzyme solutions simi- 
lar to those used for CoA assay, a relatively weak acetylation of glucos- 
amine was found. Table I shows the results of such an experiment in 
which acetate-ATP-CoA served as the acetyl source. With 10 um of 
p-glucosamine and 0.3 ml. of the crude extract, generally a synthesis of 
0.1 to 0.25 um of acetylglucosamine was obtained. 

Concentration of Glucosamine Acceptor Enzyme by Acetone Fractionation— 
On acetone fractionation of crude liver extracts, the glucosamine-acetylat- 
ing enzyme was found in the fraction precipitating between 50 and 60 per 
cent acetone concentration (Fraction A-60). This fraction contains the 
arylamine-acetylating system, but is free of the acetate-ATP donor system 
as well as of the acetoacetate and citrate acceptor systems. In all experi- 
ments with liver Fraction A-60, acetyl phosphate plus transacetylase 
served as the donor system. 

With this concentrate a much more pronounced acetylation was obtained. 
Under conditions otherwise similar to those described with crude extract 
in Table I, 1.7 um of acetylglucosamine were formed, as shown in Table 
II. The activity is about 7 times greater than that with crude pigeon 
liver extracts. Acetylglucosamine was furthermore identified by paper 
chromatography as outlined above. 

In an experiment presented in Table III, the time curves of the reaction 
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were studied. It was found that, up to the end of the Ist hour, synthesis 
proceeds almost proportionately with time. During the 2nd hour, the 


Tasie I 
Acetylation of Glucosamine in Crude Pigeon Liver Extracts 
| Complete system NoCoA No ATP 
| | | oe 
Acetylglucosamine................ | 0.24 | 0 | 0 


Reaction mixture, 0.3 ml. of aged pigeon liver extract (corresponding to 30 mg. 
of acetone powder), 50 um of acetate, 20 um of citrate, 5 um of ATP, 15 units of CoA, 
10 um of cysteine hydrochloride, 10 um of glucosamine hydrochloride, 0.2 m tris(hy- 
droxymethyl)aminomethane buffer, pH 8.1. Total volume, 1 ml.; 120 minutes in- 
cubation at 37°. 


Taste II 
Acetylation of Glucosamine by Liver Fraction A-60 

0.23 
0 


The samples were incubated in a total volume of 1 ml., containing 0.3 ml. of 
liver Fraction A-60 (5), 0.05 ml. of transacetylase, 10 um of cysteine hydrochloride, 
25 um of acetyl phosphate, 10 um of glucosamine, 2.5 um of MgCl,, 20 units of CoA, 
and 0.2 m tris(hydroxymethyl)aminomethane buffer, pH 8.1. 120 minutes incuba- 
tion at 28°. 


Taste III 
Time Course of Reaction 


30min. = @ min. 120 min. | 180 min. 


0.39 0.62 118 1.60 1.60 


Complete system, as in Table II. 


rate diminishes rapidly, and there is no increase in the 3rd hour. This 
tapering off with time probably is due to enzyme inactivation. 

Acetylation of Galactosamine (Chondrosamine)—A small quantity of 
chondrosamine hydrochloride was kindly made available to us by Dr. Karl 
Meyer. The formation of acetyl chondrosamine was followed by the 
Morgan and Elson (6) reaction. When judged by the colorimetric test, 
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similar amounts of chondrosamine and glucosamine were synthesized under 
comparable conditions (Table IV). We were, however, unsuccessful in 
isolating the acetyl chondrosamine chromatographically, owing probably 
to the relatively small amount synthesized. 

Identity of Enzyme Involved in Amino Sugar Acetylation—The amino 
sugar-acetylating enzyme is probably not identical with that which cata- 
lyzes the acetylation of arylamines. With a combination of 2 um p-amino- 
hippuric acid and 10 um of glucosamine, both substrates were acetylated 
to the same extent as when each was present separately. Furthermore, 
it was found by one of us (M. S.) that 0.005 m of benzylpenicillin will 
inhibit the acetylation of arylamines (8) but not the synthesis of acetyl- 
glucosamine. 


Taste IV 
Acetylation of Glucosamine and Chondrosamine 
CoA Glucosamine Galactosamine Acetylated amino sugar 
tunils uM | uM uw 
5 0 

20 5 0.53 

20 5 0.16 

20 | 5 | 5 0.70 


Reaction mixture, 0.3 ml. of liver Fraction A-60 (5), 0.1 ml. of transacetylase, 
0.1 wm NH,Cl, 2.5 um of MgCl,, 20 units of CoA, 10 um of cysteine hydrochloride, and 
0.2 m tris(hydroxymethyl)aminomethane buffer. Total volume, 1 ml.; 120 minutes 
incubation. 


Comments 


During the last few years, the interest in the metabolism of glucosamine 
has been increasing. Some time ago Lutwak-Mann published an interest- 
ing report on the metabolism, mainly the breakdown, of glucosamine in 
animal tissues and microorganisms (9). Of particular interest in relation 
to the present problem are more recent studies by Harpur and Quastel 
(10). They found that glucosamine is phosphorylated in brain extracts. 
Acetylglucosamine did not react but rather inhibited phosphorylation. 
Nevertheless, the relatively easy acetylation of free glucosamine described 
makes one wonder whether acetylglucosamine may serve as the substrate 
for synthesis of larger molecules or whether acetylation may occur after 
condensation. The results reported by Harpur and Quastel would seem 
to indicate the latter possibility; however, their phosphorylation experi- 
ments were done with brain extracts and seem to indicate that glucosamine 
is phosphorylated by brain fructokinase rather than by a special enzyme. 
It should be of interest to test for phosphorylation in other organs, with 
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free glucosamine as well as with acetylglucosamine, on the assumption that 
phosphoglucosamine or phosphoacetylglucosamine represents a preliminary 
substrate for further condensation reactions. 


Pigeon liver extracts were found to contain an enzyme which transfers 
acetyl groups from acetyl~CoA to glucosamine and chondrosamine. The 
enzyme may be concentrated considerably by acetone fractionation in the 
cold. As acetyl donor system, (1) the ATP-acetate reaction of pigeon 
liver extracts and (2) acetyl phosphate by way of transacetylase-CoA 
were used. The transfer of acetyl to glucosamine is most likely due to a 
special enzyme. 
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CYTOCHEMICAL STUDIES 


V. ON THE ISOLATION AND BIOCHEMICAL PROPERTIES OF LIVER 
CELL NUCLEI 


Bry GEORGE H. HOGEBOOM, WALTER C. SCHNEIDER, ano 
MARY JO STRIEBICH 
(From the National Cancer Institute, National Institutes of Health, Bethesda, 
Maryland) 


PLATE 2 ‘ 
(Received for publication, October 29, 1951) 


One of the most important and controversial aspects of cytochemistry 
concerns the réle of the nucleus in cellular metabolism. In a review (1), 
Dounce has summarized the results of studies of the biochemical properties 
of cell nuclei isolated by the citric acid technique and has concluded that 
the nucleus carries out a number of important enzymatic reactions. The 
present authors have questioned this conclusion (2) on the grounds that 
most of the enzymes found in isolated nuclei represented only a small 
proportion of the enzyme activity of the original whole tissue. Thus it is 
believed that the presence of a relatively small amount of a given enzyme 
in an isolated cell fraction is of questionable significance mainly because of 
difficulties in determining the extent of contamination by extraneous cell 
components (2-7). Although Dounce has taken sharp issue with the 
authors on this point (1, 8), it would nevertheless seem to be particularly 
applicable to enzymes that are present in much higher concentrations in 
isolated mitochondria than in isolated nuclei, since it is well known that 
these two cellular structures are separable by centrifugal methods with 
great difficulty. 

Additional deficiencies in the methods used in the past for the isolation 
of nuclei (1, 9, 10) are the low yields obtained and the obvious morpho- 
logical alterations produced by the media employed (cf. (2)). The recent 
introduction of a new medium (11) and an improved version of existing 
techniques of centrifugation (12) have suggested, however, that it would 
be possible to isolate cytologically intact nuclei in good yield. It has been 
found in this laboratory that a modification of the latter methods allows 
the reproducible isolation of 70 to 90 per cent of the nuclei of rat liver in 
preparations containing only a very small proportion of the intact cells 
and mitochondria of the tissue. Furthermore, the nuclei so isolated show 
excellent cytological characteristics. A description of this procedure, as 
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well as a study of certain biochemical properties of the isolated nuclei, is 
included in the present report. F 


EXPERIMENTAL 
Methods 


Fractionation Procedure—Young, adult rats of the Sprague-Dawley 
strain (weight, about 150 gm.) were sacrificed by neck dislocation and their 
livers perfused by way of the portal vein with cold 0.25 m sucrose con- 
taining 0.0018 m CaCl, (11). All subsequent operations were carried out 
at 0-2°. The livers were forced through a stainless steel disk perforated 
by 1 mm. holes and homogenized for 2 minutes in 9 volumes of 0.25 M su- 
crose-0.0018 m CaCl, with a plastic homogenizing pestle (13) of the Pot- 
ter-Elvehjem type (14). In some experiments, as noted below, the homo- 
genates were filtered through one layer of single napped flannelet (11). 

The nuclei were then isolated from both filtered and unfiltered homog- 
enates according to the following procedure: A 10 ml. aliquot of the 
homogenate was layered over 20 ml. of 0.34 m sucrose-0.00018 m CaCl, 
and centrifuged at 2000 r.p.m. for 10 minutes (International refrigerated 
centrifuge, horizontal yoke No. 269). The centrifuge was accelerated and 
decelerated slowly in order to avoid mixing of the two layers. The entire 
supernatant was withdrawn, 5 ml. of 0.25 m sucrose-0.00018 m CaCl, added, 
and the pellet resuspended by homogenization for 15 seconds. 10 ml. of 
0.34 m sucrose-0.00018 m CaCl, were then slowly introduced beneath the 
suspension of nuclei and the mixture was centrifuged at 2000 r.p.m. for 10 
minutes. The procedure of homogenization of the pellet, layering, and 
centrifugation was repeated twice more. The final sediment of nuclei was 
dispersed by homogenization in 5 ml. of 0.25 m sucrose-0.00018 m CaCh. 

In some experiments the combined supernatants were centrifuged at 9600 
r.p.m. for 20 minutes (multispeed attachment, No. 291 head) in order to 
seliment the mitochondria. The pellet was dispersed in 10 ml. of 0.25 m 
sucrose, resedimented by centrifugation at 18,000 r.p.m. for 10 minutes, 
and suspended in 0.25 m sucrose. The combined supernatants, containing 
submicroscopic particles and the soluble material of the homogenate, were 
saved for analysis. 

Biochemical Determinations—Cytochrome oxidase was determined both 
spectrophotometrically at 25° (15) and manometrically at 38° (16). Uri- 
case was determined spectrophotometrically at 22.5° (13). Estimations of 
desoxypentose nucleic acid (DNA) phosphorus and pentose nucleic acid 
(PNA) phosphorus were carried out according to the method of Schneider 
(17). Total nitrogen was determined by the method of Ma and Zuazaga 
(18). 

Enumeration of Mitochondria, Nuclei, and Intact Liver Cells—The num- 
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ber of free mitochondria in the homogenates, the preparations of isolated 
nuclei, and the mitochondrial fractions was determined by actual count 
under the phase microscope, with a Petroff-Hausser bacterial counting 
chamber and 0.125 m sucrose as the diluent (19). Free nuclei in filtered 
and unfiltered homogenates were counted in a similar manner with 0.125 
u sucrose-0.00018 m CaCl, as the diluent, and intact liver cells in the ho- 
mogenates and nuclear fractions were counted without dilution. 


Results 


Cytological Aspects of Preparations of Isolated Nuclei—As shown in Fig. 
1, the nuclei isolated in the calcium-containing sucrose solutions were simi- 
lar in most respects to the nuclei of living cells (20). Under the phase 
microscope the free nuclei showed sharply prominent surface membranes, 
one or more well defined nucleoli that appeared to be either vesicular or 
finely granular, but no other clearly defined structure. Approximately 10 
per cent of the nuclei showed some evidence of damage, such as a distorted 
shape or a discontinuity in the nuclear membrane. In several preliminary 
experiments, it was found that injury to the nuclei was apparently the 
result of homogenization, since preparations obtained by the use of tightly 
fitting homogenizers showed a greater proportion of damaged nuclei. 

The preparations of isolated nuclei contained occasional intact cells and 

a number of irregularly shaped, very thin structures that appeared to be 
collapsed cell membranes. Although few free mitochondria were noticed, 
the number of mitochondria by actual count was always greater than that 
of nuclei (see Table IIT). This finding demonstrated the inadequacy of 
cursory microscopic examination as a means of determining the relative 
number of various cell components in a given fraction. In the present 
instance the free mitochondria were inconspicuous, apparently being over- 
shadowed by the large size and striking microscopic appearance of the 
nuclei. Occasional strands of connective tissue and erythrocytes also were 
seen. 
Filtration of the homogenate was not accompanied by a prohibitive loss 
of nuclei (Tables II and III); it virtually eliminated contamination of the 
preparations by connective tissue and reduced the number of intact liver 
cells in the final preparations of isolated nuclei to the point at which the 
nuclei outnumbered the whole cells by at least 100:1. 

Biochemical Studies—Table I summarizes a study of the distribution of 
cytochrome oxidase, DNA and PNA phosphorus, total nitrogen, and num- 
ber of free mitochondria in the fractions obtained from unfiltered homog- 
enates. It is immediately apparent that the recovery of cytochrome oxi- 
dase in the nuclei and mitochondria was closely correlated with the number 
of mitochondria in the two fractions and that the small amount of cyto- 
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chrome oxidase remaining in the nuclear fraction could be accounted for 
completely by the presence of contaminating free mitochondria. Further- 
more, that the nuclear fraction represented practically all of the nuclei of 
the homogenate was indicated by the fact that it contained 93 per cent of 
the original DNA. The extent to which the cytochrome oxidase activity 
was correlated with the number of free mitochondria was shown by the data 
of five consecutive experiments in which the nuclear fraction contained 
0.54, 1.5, 1.2, 0.19, and 0.90 per cent of the original number of free mito- 
chondria. Corresponding values for the cytochrome oxidase activity of 
the fraction were 0.47, 1.5, 1.2, 0.24, and 1.0 per cent of the original. 

In assessing the low enzyme activity of the isolated nuclei (Table 1), the 
possibility was considered that the nuclear membrane may have been im- 
permeable to cytochrome c (cf. (16)) and thus that the methods of enzyme 
assay may not have been suitable for determining the cytochrome oxidase 
activity of the nucleus. The validity of this possible objection was tested 
experimentally by subjecting the preparations to sonic vibrations (15) for 
10 minutes at 2°, a procedure that resulted in the disruption of over 99 per 
cent of the nuclear membranes. A determination of the cytochrome oxi- 
dase activity before and after this treatment showed that disruption of the 
nuclei did not lead to an increase in enzyme activity of either the homog- 
enate or the nuclear fraction. Instead, a slight (10 per cent) inactivation 
occurred which was of equal degree in the two preparations and which 
corresponded to the extent of inactivation produced by the disruption of 
isolated liver mitochondria under the same conditions (cf. (15)). It is 
therefore difficult to arrive at any conclusion other than that cytochrome 
oxidase is either absent from nuclei or present in such low amounts as not 
to he detectable by the present methods of analysis. 

Table II summarizes similar studies of filtered homogenates in which 
determinations of uricase were included. It can be seen that filtration re- 
sulted in the removal from the homogenate of a considerable amount of 
nitrogen (apparently representing connective tissue and clumps of liver 
cells), relatively few nuclei, as shown by the DNA values, and essentially 
no free mitochondria. As in the experiments reported in Table I, the cyto- 
chrome oxidase activity of the preparations was closely correlated with the 
number of free mitochondria present. That no cytochrome oxidase was 
lost on filtration of the homogenate indicated that the activity of intact 
cells could not be determined by the method of enzyme assay (ef. (16)). 
Although the distribution of uricase in the filtered homogenate was gen- 
erally similar to that of cytochrome oxidase, it may be noted that the uri- 
case activity of the isolated nuclei (1 per cent of the original) was not com- 
pletely accounted for by the number of free mitochondria present (0.3 per 
cent of the original). Several additional experiments indicated, however, 
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that much of the uricase activity of the nuclear fraction was due to the 
presence of intact liver cells. Thus when nuclei were isolated from unfil- 
tered homogenates and were contaminated with many more liver cells, the 
uricase activity of the preparation represented a considerably higher pro- 
portion (as muchas 4.2 per cent) of the activity of the homogenates, whereas 
the cytochrome oxidase activity remained low and could always be ac- 
counted for by the number of free mitochondria present. It therefore 
seems highly unlikely that nuclei contain an appreciable amount of uricase. 


Taste Il 


Distribution of Uricase, Cytochrome Oxidase, Desorypentose Nucleic Acid, and 
Mitochondria in Filtered Liver Homogenates 


Uricase Cytochrome DNA phosphorus 
Preparation ——- | nitrogen | mito- 
Total® Qt | Totals | | Total | x 10 
| mg. 
Homogenate (12.2 4.87 | 21.8! 8.3 2.61 | 10.8 
o after fil- 0.091 | 0.040 | 12.4 | 5.53 18.0 7.9 2.28 | 10.6 
tration | | | | 
Nuclei 0.00090 0.0039 0.029 0.10 15.2 66.1 0.230 0.030 
Ist supernatant | 0.089 | | 
Mitochondria 0.0638 0.057 11.2 10.8 1.8 0.16 1.11) 10.6 
2nd supernatant® 0 .OOST 0.0074 0.13 | 0.10 | | 1.18 


The values represent the average obtained in two experiments, except in the case 
of cytochrome oxidase in which one experiment is recorded. Total values are ex- 
pressed in terms of 100 mg. of fresh tissue or an equivalent amount of each fraction. 

* Micromoles of uric acid destroyed per minute. 

t Micromoles of uric acid destroyed per minute per mg. of total nitrogen. 

t Micromoles of cytochrome c oxidized per minute. 

§ Micromoles of cytochrome c oxidized per minute per mg. of total nitrogen. 

|| Supernatant remaining after removal of nuclei. 

§ Supernatant remaining after removal of nuclei and mitochondria. 


A further investigation of the DNA, PNA, and nitrogen content of the 
isolated nuclei was also made. In the experiments reported in Tables I and 
II, the ratio, micrograms of DNA phosphorus to mg. of nitrogen, for the 
nuclear fractions varied considerably, the over-all range being 52 to 83. 
This and similar variations in the PNA and total nitrogen content could 
not be completely accounted for by the number of intact cells or free mito- 
chondria in the individual preparations obtained from filtered homogenates. 
It was observed, however, that the number of erythrocytes in the nuclear 
fractions was also variable, apparently as a result of difficulty in obtaining 
complete perfusion of the livers. Essentially complete elimination of ery- 
throcytes was attained by perfusing first with cold 0.15 m NaCl and then 
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with the 0.25 m sucrose-0.0018 m CaCl, solution. Table III, which sum- 
marizes the results of two typical experiments, shows that somewhat higher 
concentrations of DNA in the nuclear fractions were obtained when this 
method of perfusion was employed. Furthermore, it was possible to calcu- 
late directly the contribution of intact cells and mitochondria to the total 
nitrogen of the nuclear fraction from the counts of nuclei, whole cells, and 
mitochondria, assuming that each nucleus represented a single cell. Thus 
the amount of nitrogen contributed to the nuclear fraction by residual 
intact cells and mitochondria was 5.6 and 1 per cent, respectively, of the 
total nitrogen of the fraction. Although the assumption that each liver 
cell contained a single nucleus was not entirely justified, since a significant 
proportion of liver cells is binucleate (21), it may be noted that the above 


III 
Biochemical Properties of Isolated Nuclei 
Total Total mg. | X x 10° 
3 
mg. 7 7 | | 
Unfiltered homogenate....| 2.39 | 27.5 | 11.5 | 52.3 21.8 0.70 | 26.8 10.7 
Filtered homogenate... .. .. 2.26 | 10.6 46.0 | 20.4 0.43 23.1 | 10.5 
Isolated nuclei............ 0.231 21.6 93.5 5.2 22.5 0.15 | 0.033 
Supernatant*............. 2.03 | | | | 


The values are expressed in terms of 100 mg. of fresh liver or an equiva- 
lent amount of each fraction. 
* Supernatant containing cytoplasmic constituents. 


value of 5.6 per cent would be increased to only 7.5 per cent if as many as 
one-half the liver cells had contained two nuclei. 

These calculations made it possible to arrive at certain tentative conclu- 
sions concerning the biochemical properties of the liver cell nucleus. Thus 
12 per cent of the nitrogen of the whole tissue was accounted for by nuclei, 
and the ratio, micrograms of DNA phosphorus to mg. of nitrogen, for the 
nucleus was approximately 100. Assuming that the nitrogen was entirely 
due to proteins and nucleic acids, the latter value corresponded to a pro- 
tein-DNA ratio of approximately 5, a figure that is in agreement with the 
range of values determined cytologically and reported recently by Pollister 
etal. (22). The concentration of PNA in the nucleus appeared to be about 
the same as that in the whole tissue. It should be pointed out, however, 
that these values should be accepted with some reservation, since it was 
not possible to introduce a correction for the cell membranes present in the 
nuclear fraction. Microscopic observations, on the other hand, indicated 
that the magnitude of this correction would probably be small. 
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Although it was evident from the present results that the calcium-con- 
taining sucrose solution was an excellent medium for the isolation of nuclei, 
a consideration of the data of Table I made it apparent that it was not a 
suitable medium for the isolation of mitochondria. Thus the amounts of 
nitrogen and PNA recovered in the mitochondrial fraction were consider- 
ably higher (cf. (2)) and the cytochrome oxidase Q values of the mitochon- 
dria were lower (cf. (15)) than corresponding values found previously when 
0.25 mM sucrose was employed in the fractionation procedure. Furthermore, 
the relatively high PNA phosphorus-nitrogen ratio for the mitochondria 
indicated that the major contaminant was submicroscopic particulate ma- 
terial. In this respect it may be mentioned that a previous investigation 
(23) has indicated that submicroscopic, PNA-containing particles are ag- 
gregated by calcium ions at concentrations comparable to those employed 
in the present experiments. 


DISCUSSION 


Methods employed in the past for the isolation of liver cell nuclei (1, 9, 
10) have been characterized by one or more of the following deficiencies: 
pronounced cytological alteration of the nuclei, low yields, conditions lead- 
ing to possible denaturation of proteins, and lack of quantitative data 
pertaining to the extent of contamination of the nuclear preparations by 
cytoplasmic material. Certain of these problems were overcome by the 
introduction of sucrose solutions as media for the fractionation of liver 
homogenates (24). Thus the nuclei released into these non-ionic media 
resembled in many respects the nuclei of living cells (24), a finding con- 
firmed in several laboratories (25-27), and could be obtained in excellent 
yield. The preparations were, however, always contaminated by a signifi- 
cant number of intact cells and free mitochondria (2). Attempts to remove 
the extraneous elements were unsuccessful because of the fragility of the 
nuclei and their tendency to become aggregated and swollen on repeated 
sedimentation and resuspension. The addition of a small amount of CaCl, 
to the sucrose solution, as shown by Schneider and Petermann (11), served 
to eliminate aggregation and to render the nuclei much more resistant to 
mechanical injury. As demonstrated by the present data, this finding has 
made it possible to devise a procedure for the isolation of nuclei in excellent 
yield, in good condition from the cytological standpoint, and in prepara- 
tions containing by direct count less than 1 per cent of the intact cells of 
the original tissue and less than 0.5 per cent of the free mitochondria of the 
homogenate (Table III). 

It may be mentioned that the possibility of extraction of water-soluble 
compounds from nuclei isolated either by the present method or by other 
techniques in which aqueous media are used has not been ruled out, since 
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little is known of the properties of the nuclear membrane. Although the 
method of Behrens (9, 10), involving lyophilization and the use of organic 
solvents, possesses the theoretical advantage of avoiding the extraction of 
water-soluble compounds, the nuclei so isolated show pronounced morpho- 
logical alteration (cf. (10)), and the effect of such drastic treatment on 
other cellular components, e.g. structural elements, enzymes, and other pro- 
teins, has not been established. 

Information concerning the enzyme content of liver cell nuclei is at pres- 
ent derived largely from the studies carried out by Dounce and coworkers 
on nuclei isolated by means of the citric acid technique (1). On the basis 
of these experiments, Dounce (1) has designated as important constituents 
of the nucleus a number of enzymes that were found in preparations of 
isolated nuclei in a concentration only approximating that in the whole 
tissue. Of these enzymes, cytochrome oxidase and uricase were chosen for 
study in the present investigation because they are known to be concen- 
trated to a considerable extent in mitochondria (2, 13), the most likely 
contaminant of isolated nuclei, and because they are “insoluble” and thus 
not likely to be extracted from intact nuclei. The present results indicate 
that the cytochrome oxidase and uricase previously found in isolated nuclei 
were probably a function of the activity of mitochondria or mitochondrial 
fragments contaminating the preparations. A reinvestigation of the bio- 
chemical properties of the cell nucleus is therefore believed to be in order. 


SUMMARY 


A method is described for the isolation of liver cell nuclei in satisfactory 
cytological condition in yields of 70 to 90 per cent. By the application of 
quantitative counting procedures, it was established that the preparations 
of nuclei so isolated were contaminated by less than 1 per cent of the intact 
cells of the original tissue and less than 0.5 per cent of the free mitochondria 
of the liver homogenates. The preparations also contained a number of 
structures resembling collapsed cell membranes. Biochemical studies in- 
dicated that liver cell nuclei account for approximately 12 per cent of the 
nitrogen of the whole tissue and contain approximately 100 7 of desoxypen- 
tose nucleic acid phosphorus and 20 y of pentose nucleic acid phosphorus 
per mg. of total nitrogen. The activity of the isolated nuclei with respect 
to two enzyme systems, cytochrome oxidase and uricase, previously con- 
sidered to be present in liver cell nuclei, was extremely low and could be 
accounted for by the presence of residual intact cells and free mitochondria. 
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EXPLANATION OF PLATE 2 
Fic. 1. Photomicrographs of nuclei (unfixed and unstained) isolated from homog- 


enates of rat liver, taken with 43 X phase contrast objective (Bausch and Lomb). 
Over-all magnification, 650 diameters. Most of the amorphous material between 
the nuclei (see the arrows) apparently consists of collapsed cell membranes. The 
nucleoli appear as small, dark, roughly spherical bodies within the individual nuclei. 
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UROCANIC ACID AS AN INTERMEDIATE IN THE ENZYMATIC 
CONVERSION OF HISTIDINE TO GLUTAMIC AND FORMIC 
ACIDS 


By HERBERT TABOR, ALAN H. MEHLER, OSAMU HAYAISHI,* anxp 
JULIUS WHITE 


(From the National Institute of Arthritis and Metabolic Diseases and the National 
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The cleavage of histidine by liver to produce derivatives of glutamic 
acid has been reported by several workers (1-5). The mechanism by 
which this degradation occurs and the products are still in doubt. Aec- 
cording to the hypothesis of Edlbacher (1) the initial step is the splitting 
of the imidazole ring. The schemes proposed by Sera et al. (3), Takeuchi 
(4), and Oyamada (5), on the other hand, include a primary removal of 
the a-amino group to yield urocanic acid (imidazoleacrylic acid). 

We have previously reported (6) that a cell-free extract from histidine- 
adapted cells of Pseudomonas fluorescens quantitatively converts histidine 
to formic acid, L-glutamic acid, and 2 equivalents of ammonia. If this 
system proceeded according to the formulation proposed by Edlbacher, 
the amino group of the glutamic acid should originate from the a-amino 
group of histidine. If, on the other hand, urocanic acid were the first 
intermediate, the a-amino nitrogen of histidine should appear as ammonia, 
and the amino nitrogen of glutamic acid should be derived mi the y-ni- 
trogen of the histidine. 

In this paper we shall report investigations on the mechanism of this 
reaction, using histidine which is labeled either with N** in the @ or y po- 
sition, or with C in the C-2 position of the imidazole ring. The results 
obtained indicate that the degradation of L-histidine by extracts of his- 
tidine-adapted P. fluorescens proceeds as in the accompanying diagram. 

Materials 

DL-Histidine monohydrochloride was synthesized with 6.75 atom per cent 
excess N'® in the a-amino position' by treating imidazolechloropropionic 
acid (7) with N** ammonia. The imidazolechloropropionic acid was pre- 
pared by the action of nitrous acid on a solution of L-histidine monohydro- 

* Special Fellow of the United States Public Health Service. 


' This histidine also contained 0.13 atom per cent excess N"* in the y position and 
0.59 in the 8 position. Further details concerning this synthesis will be published. 
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chloride in concentrated hydrochloric acid, according to Edlbacher and 
von Bidder (8). w-Histidine di(3 ,4-dichlorobenzenesulfonate), labeled with 


C*H C*H 
NHt 
HC=—=C—CH=CH—COOH 
NH t 
t-Histidine Urocanic acid 
| + a0 
COOH—CH—CH;—CH:;—COOH + NH; + HC*OOH 
L-Glutamic acid 


N"* in the y-nitrogen, was kindly given to us by Dr. Charles Tesar.’ L- 
Histidine dihydrochloride was obtained from the 3 ,4-dichlorobenzenesul- 
fonate by chromatography on Dowex 50, with 4 n HCl as the eluting agent 


(10). 1L-Histidine monohydrochloride, synthesized with in the C-2’ 


position of the imidazole ring, was generously supplied by Dr. Richard 
Schayer. Non-isotopic L-histidine monohydrochloride was obtained from 
Eastman Kodak Company; p-histidine monohydrochloride from Nutritional 
Biochemicals Company. Urocanic acid was synthesized according to 
Edlbacher and von Bidder (8). HC“OOH was obtained from the Oak 
Ridge National Laboratory. Dowex 50 was prepared from the commercial 
preparation by washing with 4N HCl. Dowez 1, an anion exchange resin, 
was obtained from The Dow Chemical Company (200 to 500 mesh). The 
resin was repeatedly treated with 4 Nn HCl; it was then converted to the 
acetate form by prolonged washing with saturated sodium acetate until 
free of chloride, followed by washing with water. 

Cell-free extracts of histidine-adapted P. fluorescens (strain 6) (11) were 
prepared as previously described (6). 


Methods 


For N* analyses the samples were measured as N; gas in a Consolidated- 
Nier mass spectrometer. C' analyses were made with a gas flow counter. 
Self-absorption corrections (usually less than 10 per cent) were determined 
for each analysis. 


? This material had been isolated from the carcass of rats fed synthetic histidine 
(N" in the + position) in the experiments reported by Tesar and Rittenberg (9). 
The N** assay of the isolated material, as determined by Tesar and Rittenberg, was 
total nitrogen 1.264 atom per cent excess, a-amino nitrogen 0.033 atom per cent 
excess, y-nitrogen 3.759 atom per cent excess (calculated). 
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Formic acid was determined by oxidation with mercuric acetate in 0.1 

nx HCl (12) as indicated in Table III. Uvocanic acid was determined at 
pH 7 by measuring the absorption at 275 my in a Beckman model DU 
spectrophotometer. The extinction coefficient at this wave-length is 1.88 
< 10’ sq. cm. mole. Assays for histidine, ammonia, and 1.-gludamic acid 
were similar to those previously used (6). 


Results 


N'’-Labeled Histidine—N"*-labeled histidine was diluted in the following 
experiments with non-isotopic L-histidine, and incubated with a cell-free 
extract of P. fluorescens. Crystalline t-glutamic acid was isolated from 
the incubation mixture, as described in Table I. 

In Experiment 1, in which the a-amino group of histidine was labeled 
with N'®, over 95 per cent of the excess N"* was recovered in the ammonia 
fraction. However, the isolated glutamic acid contained slightly more N** 
than could be accounted for on the basis of the N** of the y-nitrogen. No 
such discrepancy was found in the glutamic acid isolated in Experiment 2, 
in which non-isotopic ammonia was added at the beginning of the incuba- 
tion period, thereby diluting the N’* ammonia formed and diminishing 
any secondary incorporation of N'* ammonia into glutamic acid. 

In Experiment 3, with t-histidine labeled in the y-nitrogen, over 90 
per cent of the excess N"* was found in the amino group of glutamic acid. 

Urocanic Acid-Trapping Experiment—The experiments with N"-labeled 
histidine showed that the a-amino group of histidine is converted to am- 
monia. Since primary removal of the a-amino group of histidine could 
lead to urocanic acid, as proposed by the Japanese workers (3-5), a uro- 
canic acid-trapping experiment was carried out. 

1-Histidine, labeled with C“ in the C-2 position of the imidazole ring, 
was incubated with the Pseudomonas extract in the presence of a large 
pool of non-labeled urocanic acid. At zero time, 100 ust of unlabeled car- 
rier L-histidine were added to one-half of the reaction mixture, which was 
immediately heated for 2 minutes in a boiling water bath; after 215 min- 
utes at 21-23°, the remaining solution was treated in a similar manner. 
After removal of denatured proteins, urocanic acid was crystallized by 
evaporation of the incubation mixture to approximately 5 ml. and acidifi- 
cation with acetic acid to pH 5.0. The urocanic acid was recrystallized 
several times from hot water with no change in the specific activity. To 
isolate the histidine, the mother liquor of the first urocanic crystallization 
was passed through a Dowex l-acetate column and eluted with 0.2 m 
sodium acetate. No urocanic acid appeared in the early portions of the 
eluate which contained all of the histidine. After evaporation of the 
histidine solution to 3 ml., the histidine was isolated and recrystallized 
four times as the 3 ,4-dichlorobenzenesulfonate (13). The total number of 
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counts in the histidine fraction was determined from the specific activity 
of the isolated histidine and the total quantity of histidine (including 
Taste I 
Degradation of Histidine Labeled with N“ in a- or y-Nitrogen by Cell-Free Extract of 
P. fluorescens 

In each experiment the isotopic histidine was diluted with unlabeled v-histidine 
to give the quantities and enrichments shown. In Experiment 2 ammonia was 
added as ammonium sulfate. The pH was adjusted to 7.2 and 30 ml. of cell-free 
Pseudomonas extract were added. The total volume was 150 ml. in Experiments | 
and 2, and 100 ml. in Experiment 3. The mixtures were incubated, respectively, 2, 
4, and 3 hours at 28°. After incubation the reaction mixtures were deproteinized 
with trichloroacetic acid, adsorbed on Dowex 50, and eluted with 0.5 x HCI as pre- 
viously described (6). The fractions containing ammonia were alkalized with po- 
tassium carbonate, and the ammonia collected for isotope analysis by aeration into 
0.1 x sulfuric acid. The glutamic acid fractions were evaporated and purified by 
precipitation of the calcium salt, as previously described. (In Experiment 2, con- 
centrated ammonia was added and removed by aeration three times, to wash out 
any isotopic ammonia contamination in the glutamic acid fractions.) The calcium 
glutamate (in Experiments 2 and 3) was then chromatographed on a Dowex 1 -ace- 
tate column (height 18.5 cm.; diameter 1 cm.); the column was thoroughly washed 
with water, and the glutamic acid was eluted with 0.1 s acetic acid (98 to 138 ml.). 
In all experiments, the glutamic acid was then adsorbed on a fresh Dowex 50 col- 
umn, and crystalline L-glutamic acid was isolated as previously described (6). 


| Initial Final 
Experiment, L-Histidine L-Glutamic acid Ammonia 
Ammonia 
added Calcu- Calew 
| atom per | per clom per | atom per atom per | per 
cont excess cont excess *™ excess cont excess comi excess cent excett 
1 0 370 0.028 0.013 0.38 0.363 
3 | 500 | 0.003 0.336 O | 486 0.311 0.336 0.017 0.002 


* Calculated for formulation. w-Histidine — NH; + urocanic acid. Urocanic 
acid — L-glutamic acid + HCOOH + NH;3. 

t Calculated on the basis of the L-histidine portion of labeled pt-histidine. - 
Histidine is not metabolized by this preparation, as shown by the lack of disap- 
pearance of the diazo color reaction and the absence of ammonia or urocanic acid 


production. 
t The histidine used also contained 0.058 (Experiment 1) and 0.048 (Experiment 


2) atom per cent excess in the 8 N of the imidazole ring. 

carrier) in the incubation mixture. 99 per cent of the histidine originally 
added was degraded during the experiment. The total number of counts 
in the urocanic fraction was also determined from the specific activity of 
the isolated urocanic acid. The results (Table II) indicate that all of the 
degraded histidine had been converted to urocanic acid. 
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Taste II 
Trapping of 2-C**-Labeled Histidine in Urocanic Acid 
Labeled histidine and urocanic acid were brought to pH 8.0 in 28 ml. of water, 
and at zero time 2 ml. of Pseudomonas extracts were added. 15 ml. were mixed 
with 100 us of unlabeled histidine and immediately heated for 2 minutes in a boiling 
water bath. The remainder was incubated for 215 minutes at 21-23°, then treated 
as the zero time sample. 


“ wrocanic acid 0 0 
wrocanic acid. ........... 457 151,000 330 SS 
Urocanic acid 15,700 165 
Total urocaniec (calculated)... | 552 166,700 


* The specific activity of the isolated histidine (including carrier) was 13 ¢.p.m. 
per uM, indicating a total activity remaining in histidine of 2600 c.p.m. for the whole 
incubation mixture. 

t Calculated. 

¢ The quantity of urocanic acid metabolized (95 um) is calculated as the differ- 
ence between initial urocanic acid + metabolized histidine (530 + 22 um) and final 
urocanic acid (457 wm). Since the total urocanic acid concentration did not change 
greatly, it is assumed that the average specific activity of the urocanic acid metab- 
olized was half the specific activity of the final urocanic acid. 


Tasce III 


Production of HC“OOH from 2-C-Labeled Histidine by Cell-Free Extract of 
P. fluorescens 


The incubation mixture contained 25.8 um of synthetic 2-C*-labeled L-histidine, 
100 um of phosphate buffer (pH 7.2), and 1.5 ml. of cell-free Pseudomonas extract in 
a total volume of 5 ml. Samples for assay were taken after 0 and 290 minutes at 
28°. The incubation mixture was acidified (to Congo red) with 3 « H,PO,, and 
sublimed in vacuo from the frozen state. After neutralization, an aliquot was used 
for radioactivity measurements. The remaining sublimate was oxidized in a War- 
burg vessel at 37° with 0.5 « mercuric acetate in 0.1 x HCl (12), and the resulting 
CO, was measured manometrically (for at least 6 hours). The residue remaining 
after formate sublimation was extracted with water. The extract was neutralized 
and assayed for glutamic acid and for radioactivity. 


Initial | 
Final | 
Formic acid.......... 25.6 12,090* 472 
u-Glutamiec acid. ......._.. 21.3t | 0 0 


* No counts were present in this fraction in the zero time sample. 
t Determined by glutamic decarboxylase. 


ic 
D- 
p- 
id 
nt 
y 
ts 


126 HISTIDINE METABOLISM 


C.Labeled Histidine—Synthetic t-histidine, labeled with C™ in the 
C-2 position of the imidazole ring, was degraded by the Pseudomonas 
extract to t-glutamic acid, formic acid, and ammonia. All of the C“ 
was found in the formic acid fraction (Table III). 

These results indicated that the cell-free extracts of Pseudomonas could 
be used as an analytical tool for the degradation of the imidazole ring of 
histidine. For example, we have used this method of analysis of the 
imidazole ring in studies on the incorporation of HC“OOH into his- 
tidine in yeast. Torulopsis utilis 8206 was grown in a medium containing 
HCOOH. _.-Histidine was isolated from an acid hydrolysate of the yeast 
by means of ion exchange chromatography with Dowex 50 and repeated 
crystallization of the 3,4-dichlorobenzenesulfonate. In one experiment 
0.2 per cent of the HC“OOH was incorporated into the histidine. The 
isolated histidine (45 c.p.m. per uM) was degraded with the Pseudomonas 
extract (conditions as in Table III). All of the C™ of the histidine could 
be found in the formate fraction (47 c.p.m. per uM), indicating that the 
C™ incorporation was entirely in the C-2 position. Similar results were 
obtained in another experiment in which 11 per cent of the HC“OOH was 
incorporated into the histidine. Further details will not be presented, as 
similar results have recently been reported by Levy and Coon (14), using 
Saccharomyces cerevisiae and chemical methods of degradation. 


DISCUSSION 


Cell-free extracts of histidine-adapted P. fluorescens convert t-histidine 
stoichiometrically to t-glutamic acid, formic acid, and ammonia. With 
such extracts we have demonstrated that the primary reaction is the re- 
moval of the a-amino group of histidine and the formation of urocanic 
acid. The imidazole ring is cleaved subsequently with the formation of 
ammonia and L-glutamic and formic acids. 

These results show that, in a cell-free extract of P. fluorescens, histidine 
is degraded by a mechanism similar to that proposed by Japanese workers 
for liver (3-5), and that the formulations of Edlbacher (1, 2) and Walker 
and Schmidt (15) do not apply to this system. This conclusion is in agree- 
ment with the recent report of Miyahara (16) that histidine-adapted 
Pseudomonas sp. cells are capable of oxidizing urocanic acid at a rate con- 
sistent with its being an intermediate in histidine metabolism. 

The enzymatic method of degradation may be of value in following 
incorporation of tracer atoms into biologically synthesized histidine. As 
has been shown, the C-2 is converted to formate, the y-nitrogen to glu- 
tamic acid, and the a- and 6-nitrogens to ammonia. Further degradation 
of the glutamic acid by known reactions could be used to study incorpora- 
tion into other parts of the molecule. 
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The demonstration that the formic acid produced by the degradation 
of histidine arises from the C-2 position of the imidazole ring is of par- 
ticular interest in view of the recent reports indicating that, following the 
administration of 2-C"-histidine to rats, considerable amounts of C™ ac- 
tivity are found in compounds which are known to incorporate formate 
(17-19). 


We wish to express our appreciation to Dr. Charles Tesar and Dr. Rich- 
ard Schayer for their generous gifts of isotopic histidine, to Mrs. Ruth 
Stander for the synthesis of a-amino labeled histidine, and to Dr. Sidney 
Udenfriend for the use of his radioactivity counting equipment. 


SUMMARY 


1. ‘t-Histidine labeled with N* in the a- or y-nitrogen was degraded to 
L-glutamic acid, formic acid, and ammonia by extracts of .-histidine- 
adapted Pseudomonas fluorescens. The a-amino nitrogen of histidine ap- 
peared as ammonia and the y-nitrogen appeared in the glutamic acid 


produced. 
2. These results are consistent with an initial deamination to urocanic 


acid, but are inconsistent with a primary cleavage of the imidazole ring 
and persistence of the a-amino group. The rdéle of urocanic acid as an 
intermediate was established by trapping the isotope of C-labeled his- 
tidine in urocanic acid. 

3. In experiments with 2-C"-labeled histidine, the formic acid produced 
was shown to be derived from the C-2 position of the imidazole ring. 
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The view that “ketone bodies” can be an important source of energy 
is generally accepted. The experimental basis for this rests on the evi- 
dence of the disappearance of these substances from the circulating fluids 
supplying the tissues. If we assume that the disappearance rate is equal 
to the oxidation rate, it can be concluded that the oxidation of 8-hydroxy- 
butyric acid is proportional to the plasma concentration and, at a level of 
100 mg. per cent, 50 per cent or more of the total oxygen consumption is 
through ketone body oxidation (1). It appears then that the use of ketone 
bodies as fuel by the cells can be increased by raising the concentration 
of these substances in the circulating fluids. 

The tissues can be forced into using another fuel, glucose, by the action 
of insulin. Increased oxidation of glucose brought about by insulin has 
been demonstrated by the use of the isotope technique (2). A 2- to 3-fold 
increase in oxidation of this substance results after administration of in- 
sulin to the eviscerated animal. We have then two methods of experi- 
mentally changing the type of fuel used by the tissues, and, by the simul- 
taneous application of both of these, information should be obtained that 
might give some insight into the ways these substances are utilized by the 
body cells. 


Methods 


The general plan of the experiments is similar to that used before in 
these laboratories and described in previous papers (2, 3). Non-fasted 
rabbits were eviscerated and after recovery from the anesthesia were given 
& maximum insulin' dose (15 to 20 units), which was repeated each hour 
throughout the experiment. The rabbits were given a priming dose of 
uniformly labeled C'*-glucose (4) so as to make the specific activity of the 

* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 2 

' We are indebted to E. R. Squibb and Sons for generous supplies of insulin. 
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body circulating glucose the same as that of the glucose to be used for the 
constant injection. The blood sugar concentration was then maintained 
at a normal level for 8 hours by the continuous injection of a radioactive 
glucose solution of constant radioactivity. At the start of the 6th hour, 
8-hydroxybutyric acid? was superimposed on the glucose. A priming dose 
of the Na salt of the acid was injected intravenously in order to raise the 
blood concentration to a high but not toxic level. This concentration 
was maintained for the duration of the experiment by the continuous in- 


I 
Effect of 8-Hydroxybutyric Acid on Glucose Oxidation in Insulinized Rabbits* 


nent “aaa Per cent expired CO; from COs expired, mg. per kilo per hr. 
irs. Experiment No. 

3 1 2 3 | ‘ 
| 

1 | 2 2 33! 7| 6! 6! 7! 760! 7890! 725 
2 8371 | 107 46 19 | 15 | 17 16 | 585 900 | 445 
3 134 117 29 | | 645 830 785 
4 104 200 160 167 33 6454 750 |) 
5 189 240 264 212 | 39 42 46 49 #£=740 875 855 690 
6 16 228 264 24 35 34 39 | 46 £44650 | 1000 | 1000 710 
7 141 148 206 144 | 29 26 30 #30 8 708 900 980 740 
108 152 169 140) 2 | 300629550 825 915 79 
9t | 21 | 23 28 


* In Experiment 1 the rabbit was eviscerated (kidneys intact). In Experiments 
2, 3, and 4 the rabbits were eviscerated and nephrectomized. 
t This is a 15 minute instead of a 60 minute period. 


travenous injection of the free acid at a rate estimated to equal its dis- 
appearance. The technique of superimposing the 8-hydroxybutyric acid 
on the glucose at the beginning of the 6th hour permits each animal to act 
as its own control. 

The expired CO, was collected hourly and its weight and specific activity 
were determined, from which the amount of glucose oxidized per hour 
could be calculated. The fraction of the total metabolism supplied by 
the oxidation of glucose can be obtained by comparing the specific activity 
of the expired CO, with that of the injected glucose. 


? The 8-hydroxybutyric acid used in these studies was the racemic sodium salt 
purchased from The British Drug Houses, Ltd. The free acid was obtained by 
ion exchange. 
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Results 


The results are given in Tables I and II. There is a definite reversal 
of the effect of insulin on oxidation of glucose after the addition of 8- 
hydroxybutyric acid. That the decrease in glucose oxidation is not due to 


II 
Supplementary Data for Experiments Given in Table I 


| Experi. | Experi-  Experi- 
‘ment! ment 2 ment3 ment 4 
Glucose before 8-HOBA® injec- | 
tion, mg. per kg. per hr... .. 425 490 438 533 
Glucose disappearance after wersnsmed injec- 
tion, mg. per kg. per hr.. . or 455 455 627 
Priming dose of 8- HOBA, gm. per be. — oe 0.93 0.92 0.95 
8-HOBA injected, mg. per kg. per hr eee ees 460 380 360 330 
Terminal blood mg. 93 65 103 
Animal weight, kg... 1.78 1.80 2.78 


* 8-Hydroxybutyric acid. 
t See Peters and Van Slyke (7). 


Tas.e III 
Effect of Insulin on Glucose Oxidation in Eviscerated Rabbits 


Per cent expired CO; from | 
Experiment 5 Experiment 6 | Experiment 5 | Experiment 6 Experiment 5 | Experiment 6 

1 38 40 7 8 760 700 

2 87 100 16 19 800 752 

3 131 177 24 33 805 795 

4 188 245 32 45 860 810 

5 225 305 40 52 830 855 

6 255 360 | 45 57 $25 930 

7 316 347 59 62 790 820 

8 480 88 800 


a lowered rate of metabolism is seen by the high hourly output of CO, 
throughout the experimental periods. The decrease in glucose oxidation 
would not occur if insulin and glucose alone had been continued after the 
Sth hour. In such preparations the specific activity of the expired CO, 
continues to increase, although not at the rapid pace of the earlier hours 
(2). The results from experiments on two rabbits carried through 8 hours 
but not given the §-hydroxybutyric acid are given in Table III. 

The effect of superimposed §-hydroxybutyric acid on glucose disap- 
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pearance rate is slight, if there is any. In Rabbits 3 and 4 there was a 
small increase in glucose disappearance. In Rabbits 1 and 2 there is a 
reduction; however, the only definite result is in Rabbit 1 in which the 
kidneys were not removed. In this case it might be inferred that the 
lowering of the glucose requirement was due to the formation by the 
kidneys of glucose from 8-hydroxybutyric acid. Such a high rate of glu- 
cose formation by these organs would be surprising. 


DISCUSSION 


Our results give support to the view based on disappearance studies 
that 8-hydroxybutyric acid is oxidized by the tissues and at rates de- 
pendent upon its concentration in the body fluids. Little is known as to 
the factors determining what fuels are to be burned at any given time by 
the tissues. It has been established, however, that glucose is oxidized 
by the tissues at a definite rate (3). Giving the glucose at a rate higher 
than this causes it to accumulate in the body fluids. In fact, the rate 
of oxidation is little, if at all, increased at very high concentrations of 
plasma glucose (5). Insulin definitely increases the oxidation of glucose 
by the extrahepatic tissues (2), but the results reported here show that 
this is not independent of all other variables. By increasing the rate of 
another fuel, we reduced the oxidation of glucose. 

This finding is interesting in the light of current thinking in regard 
to the action of insulin. According to this view, insulin promotes the 
transfer of glucose from the extracellular fluid into the cell by the forma- 
tion of glucose phosphate through the action of hexokinase. This is the 
beginning of a long chain of reactions which leads to the oxidative processes 
in which presumably 6-hydroxybutyric acid would compete in the terminal 
oxidation of glucose. Our results show conclusively that 8-hydroxybutyric 
acid effectively competes with glucose for complete oxidation. 

If the results on the rabbit with the intact kidneys are omitted, the 
addition of 6-hydroxybutyric acid did not alter appreciably the disappear- 
ance rate of glucose in our insulinized animals. It would appear that 
8-hydroxybutyric acid did not bring about its effect on glucose oxidation 
ut the point of transfer into the cell but at some stage carried out within 
the cell. Since the disappearance rate of glucose as influenced by insulin 
is little affected by superimposing 6-hydroxybutyric acid, it appears that 
insulin action is concerned with glucose metabolism at some step before 
the terminal oxidation. Further work will be necessary to show the fate 
of the glucose transferred but not oxidized. 

The rapid alteration in metabolism brought about by the addition of 
the 6-hydroxybutyric acid suggests that this substance becomes oxidized 
very rapidly. Naturally one would wish to see the results of direct ex- 
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periments made with labeled 8-hydroxybutyric acid. However, our results 
support the view of MacKay (6) that the ketone bodies act as a “quick 
fuel” in states of ketoses when the supply of glucose to the cells is cur- 
tailed. We see here that, even when the supply of glucose to the cells is 
forced to a maximum by intense insulin activity, the tissues will readily 
burn this ketone body. 


SUMMARY 


With the use of C* ‘labeled glucose we have studied the effect of 6- 
hydroxybutyric acid on glucose oxidation in insulin-treated, eviscerated 
rabbits. 

Although the disappearance rate of glucose is little changed by the addi- 
tion of 8-hydroxybutyric acid, the rate of glucose oxidation is markedly 
reduced. These results indicate that 8-hydroxybutyric acid effectively 
competes with glucose in the terminal oxidation to CO,. 

In the extrahepatic tissues, it appears that the primary action of insulin 
on glucose metabolism is concerned with the transfer of glucose into the 
cell. Its action on the terminal combustion of glucose seems a secondary 
one, since the rate of oxidation of glucose can be readily reduced by in- 
creasing the oxidation of a competitive fuel. 
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THE FIXATION OF CARBON DIOXIDE IN 6-PHOSPHO- 
GLUCONIC ACID 


By B. L. HORECKER anp P. Z. SMYRNIOTIS | 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, December 6, 1951) 


Since the first report of carbon dioxide fixation in heterotrophic bacteria 
by Wood and Werkman (1) it has become evident that the assimilation of 
carbon dioxide is a wide-spread phenomenon common to all heterotrophic 
as well as autotrophic organisms. Wood (2) has catalogued seventeen 
compounds in which carbon dioxide has been shown to be fixed and others 
have been added since. Only a few mechanisms are known, however, 
to account for the primary fixation of carbon dioxide. As recently re- 
viewed by Ochoa (3), these include the formation of malate from pyruvate 
and of isocitrate from a-ketoglutarate. These reactions are instances of 
the formation of 4- and 5-carbon chains by C,-C; and C,-C, additions, 
respectively. While evidence also exists (2) for C,-C,; and C;-C; addition, 
none is yet available for the production of 6-carbon chains by C,-C; ad- 
dition. In this paper it is shown that 6-phosphogluconate can be formed 
by the addition of carbon dioxide to pentose phosphate in a reaction cata- 
lyzed by an enzyme preparation from yeast. In previous publications the 
oxidative decarboxylation of 6-phosphogluconate with enzymes from yeast 
(4, 5) and mammalian tissues (6) has been described. The initial product 
of the reaction was identified as ribulose-5-phosphate. The reversibility 
of this reaction has now been demonstrated by (a) the fixation of C™“O, 
in 6-phosphogluconate during the course of partial oxidative decarboxyla- 
tion of this substance, (b) the oxidation of reduced triphosphopyridine 
nucleotide (TPNH) by ribulose-5-phosphate and CO:, and (c) the net 
synthesis of 6-phosphogluconate from ribulose-5-phosphate and CO,. En- 
ergy for this synthesis was provided by the oxidation of glucose-6-phos- 
phate to 6-phosphogluconate in the presence of glucose-6-phosphate de- 
hydrogenase. The two reactions were coupled by catalytic concentrations 
of TPN. 


(1) Glucose-6-phosphate + TPN + H,O — 6-phosphogluconate + TPNH + H* 
(2) Ribulose-5-phosphate + CO, + TPNH + H* — 6-phosphogluconate + TPN 
(3) Glucose-6-phosphate + ribulose-5-phosphate + CO, + H,O0 — 

2 6-phosphogluconate 


For each mole of glucose-6-phosphate oxidized, 2 moles of 6-phosphoglu- 
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conate are formed; 1 of these arises from the reductive carboxylation of 
ribulose-5-phosphate. 
Methods 


Materials—Barium glucose-6-phosphate and barium 6-phosphogluconate 
were synthesized as previously described (7). They were converted to 
the potassium salts by decomposition with a slight excess of K,SO, or 
with H,SO,, followed by neutralization with KOH. 

TPN was purified by ion exchange chromatography of a crude liver 
fraction (8). 

NazC*O; solutions were prepared from BaC"O; by double decomposi- 
tion with a slight excess of NasSO,. Over 95 per cent of the counts were 
recovered in the supernatant solution. 

Barium ribulose-5-phosphate contaminated with ribose-5-phosphate was 
prepared from 6-phosphogluconate by oxidation with yeast phosphoglu- 
conic dehydrogenase (5). The reaction mixture (10.0 cc.) contained 350 
uM (micromoles) of potassium 6-phosphogluconate, 440 um of sodium 
pyruvate, 7.8 um of TPN (86 per cent pure), 300 units of phosphogluconic 
dehydrogenase (26 mg. of protein), and 790 units of lactic dehydrogenase 
(6.4 mg. of protein). After 10 minutes at 25°, the reaction mixture was 
treated with 1.0 cc. of 50 per cent trichloroacetic acid, cooled to 0°, diluted 
with 20.0 cc. of H,O, and centrifuged. The supernatant solution was 
adjusted to pH 6.4 with saturated Ba(OH), (57 ce.), and after 1 hour at 
0° the precipitate was centrifuged, washed with 6.0 cc. of water, and dis- 
carded. To the combined supernatant and washing were added 0.5 ce. 
of 1 m barium acetate and 4 volumes (180 cc.) of absolute ethanol. After 
1 hour at 0°, the precipitate was collected by centrifugation, washed with 
80 per cent ethanol, and dried in vacuo over CaCh and KOH. The prod- 
uct (127 mg.) contained 8.30 per cent P. 70 per cent of the phosphate 
was present as pentose phosphate; about 65 per cent of this was ribulose- 
5-phosphate and 35 per cent ribose-5-phosphate. Because of the un- 
certainty in the pentose assay as applied to ribulose-5-phosphate, precise 
values could not be determined. 

The pentose phosphate mixture could be purified by ion exchange chro- 
matography on Dowex 1 formate as previously described (5), resulting in a 
product in which about 90 per cent of the total pentose was ribulose-5- 
phosphate. The present experiments, however, were carried out with the 
mixed barium salts, since pentose phosphate isomerase present in the 
phosphogluconic dehydrogenase preparation would, in any case, convert 
some of the ribulose-5-phosphate to ribose-5-phosphate. 

Enzyme Preparations—Phosphogluconic dehydrogenase was purified 
from yeast through the ammonium sulfate step (4). One preparation, 
stored for 11 months at —16°, retained 85 per cent of its original activity. 
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Glucose-6-phosphate dehydrogenase (Zwischenferment) was purified from 
yeast by the method of Kornberg (9), which yields a product free of phos- 
phogluconic dehydrogenase. Lactic dehydrogenase was purified from rab- 
bit muscle according to Kornberg and Pricer (10). Acid phosphatase 
was purified from potato.! The preparation used in these experiments 
hydrolyzed ribose-5-phosphate at the rate of 3020 um per hour per mg. of 
protein, in 0.5 cc. of test solution containing 2.5 X 10-* m ribose-5-phos- 
phate, 0.01 a MgCh, and 0.2 m acetate buffer, pH 5.2. Incubation was at 
34°. 

Hexose phosphate isomerase was a crude preparation from rabbit mus- 
cle, obtained by the precipitation of an aqueous extract with ammonium 
sulfate between 20 and 50 per cent saturation. 

Measurements—Spectrophotometric measurements were made with a 
Beckman model DU quartz spectrophotometer. 

For C™ determinations samples were dried on copper disks and the 
radioactivity measured with a Tracerlab autoscaler having a windowless 
gas flow counter. Samples (0.10 to 1.0 mg. per sq. cm.) were counted at 
several thicknesses and the counts corrected for self-absorption. 

Pentose Determinations—Pentose was determined by the method of 
Mejbaum (11). Heating was for 40 minutes and the absorption of the 
product was determined at 670 my with the Beckman spectrophotometer. 
Although the precise extinction coefficient of the orcinol reaction product 
with ribulose-5-phosphate is not known, the best preparations available 
gave a value which was 60 to 70 per cent of that obtained with aldopen- 
toses. For free ribulose the extinction coefficient of the orcinol product at 
670 my is 50 per cent of that of the aldopentose product and the ratio of 
absorption at 540 my to that at 670 my is 0.89 (5) compared to a ratio of 
0.19 for aldopentoses. The proportion of ribulose and ribose in mixtures 
and the total pentose content were calculated from these values after com- 
plete hydrolysis with potato phosphatase. 

Glucose-6-phosphate and 6-Phosphogluconale Assays—These were carried 
out on a single sample by spectrophotometric measurement of TPN re- 
duction at 340 my after addition of the appropriate dehydrogenases. The 
test cell contained, in addition to the sample to be assayed, 0.14 um of 
TPN, 20 um of MgCh, 62 um of glycylglycine buffer, pH 7.4, and 0.25 mg. 
of hexose phosphate isomerase in a total volume of 1.50 cc. At zero time 
0.05 mg. of glucose-6-phosphate dehydrogenase in 0.05 cc. was added. 
When the density change was complete (about 6 minutes), 0.60 mg. of 
Phosphogluconic dehydrogenase in 0.02 cc. was added. The blank cell 
received all additions except the sample. The TPN reduced on addition 
of glucose-6-phosphate dehydrogenase represented the glucose-6-phosphate 


‘ Unpublished procedure of Dr. Arthur Kornberg. 


‘ 


138 FIXATION 


in the sample. The TPN reduced following addition of phosphogluconic 
dehydrogenase represented the sum of glucose-6-phosphate and 6-phos- 
phogluconate. Hexose phosphate isomerase was added to the assay sys- 
tem, since a part of the glucose-6-phosphate was converted to fructose-6- 
phosphate during the incubations described below. 


Results 


Incorporation of C“ in 6-Phosphogluconate—Radioactive carbon was 
incorporated into 6-phosphogluconate when an excess of this substance 
was equilibrated with TPN in the presence of C“O, and phosphogluconic 
dehydrogenase (Table I). In both experiments about 1 per cent of the 
total counts originally present as C“O, was fixed in a form which was not 
removed by aeration of the acidified solution, even after flushing with 
non-isotopic CO,. No counts were fixed in experiments with enzyme 
heated to 100° for 2 minutes. From the reaction mixture, 6-phospho- 
gluconate was precipitated as the barium salt. This was converted to 
the potassium salt and oxidatively decarboxylated with phosphogluconic 
dehydrogenase in the presence of excess TPN. The CO, liberated, col- 
lected as BaCO;, was found to contain all of the radioactivity of the 6-phos- 
phogluconate. 

Oxidation of TPNH by Ribulose-5-phosphate and CO.—TPNH formed by 
the action of 6-phosphogluconate and phosphogluconic dehydrogenase was 
partially reoxidized when an excess of CO; and ribulose-5-phosphate was 
added (Fig. 1, Cell B). In the absence of added ribulose-5-phosphate 
(Cell A) only slight reoxidation occurred. The effect of excess ribulose-5- 
phosphate in reducing the rate of TPN reduction by phosphogluconate, 
particularly in the later stages, was to be expected from the reversibility 
of the reaction. From the data in Fig. 1 the equilibrium constant at 22° 
for the reaction (Equation 2) was calculated to be about 1.9 liters per 
mole. The concentration of CO, was calculated from solubility data 
uncorrected for the formation of H:CO;. This equilibrium constant is 
to be compared with a value of 1.3 liters per mole reported by Ochoa (3) 
for the oxidative decarboxylation of isocitrate. In an atmosphere con- 
taining 5 per cent of CO, and with one-half of the TPN in the reduced 
form the concentration of 6-phosphogluconate would be 0.35 per cent of 
that of the ribulose-5-phosphate. 

Net Synthesis of 6-Phosphogluconate from Ribulose-5-phosphate and CO;— 
6-Phosphogluconate formation from ribulose-5-phosphate and CO, was 
observed in the presence of glucose-6-phosphate and glucose-6-phosphate 
dehydrogenase as the TPN-reducing system (see Equations 1 and 2). 
The results obtained (Table II) were compatible with Equation 3. In 
the presence of ribulose-5-phosphate, 2 moles of 6-phosphogluconate were 
formed for each mole of glucose-6-phosphate utilized. In the complete 
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system the reduction to 6-phosphogluconate accounted for as much as 30 
per cent of the pentose phosphate added, while ribulose-5-phosphate and 


Taste I 
Incorporation of in 6-Phosphogluconate 
| Experiment 1 : Experiment 2 
Phospho- | Specific | Phospho-| Specific 
activity Radioactivity activity 
Total fixed 16,000 28.5 | 561 | 52,000t| 31.0 | 1680 
Recovered as potassium 9,000 18.8 479 38,000 21.7 1750 
phosphogluconate | 


Recovered as on 8,400 447 35,000 1610 
enzymatic decarbox-— 
ylation | | 


The reaction mixture (2.0 cc.) contained 35 um of potassium 6-phosphogluco- 
nate, 2 um of TPN, 4 mg. of phosphogluconic dehydrogenase, 6.0 um of Na:C'O; 
(1,400,000 ¢.p.m.) in Experiment 1, and 22.4 um of Na:C'O, (3,600,000 c.p.m.) in 
Experiment 2. After incubation for 3 hours at 25°, the solutions were acidified 
with 0.08 ce. of 2 x HCl, aerated with CO,-free air, flushed with 5 per cent CO; in 
95 per cent Ne, and again aerated with air. After aeration the total counts fixed 
in this solution were determined. The solution was deproteinized with 0.2 ce. of 50 
per cent (weight by volume) trichloroacetic acid, the precipitated proteins were 
washed in the centrifuge, and the combined supernatant and washings (3.7 cc.) 
brought to pH 6 with 3.2 cc. of saturated Ba(OH);. Ethanol (3.5 cc.) was added, 
and the precipitate washed with 80 per cent ethanol and dried in vacuo. The dried 
precipitate was extracted three times with a total volume of 2.5 cc. of 0.5 M acetic 
acid and the barium salt in the combined extracts decomposed with 0.1 cc. of 0.3 Mm 
K,SO,. The BaSO, was centrifuged and washed and the supernatant solution and 
washings neutralized with 0.07 cc. of concentrated NH,OH. The counts recovered 
as the potassium salt were determined in this solution. An aliquot (0.4 cc.) of the 
solution of the potassium salt was treated with 0.10 ce. of TPN (4 um), 0.2 ce. of 
1 x NaOH, and 0.2 ce. of phosphogluconic dehydrogenase (4 mg.). After 90 minutes 
at room temperature, the solution was acidified with 0.50 cc. of 1 n HCl and the CO; 
liberated collected in 1 cc. of saturated Ba(OH):. The precipitated BaCO, was cen- 
trifuged, washed with 20 per cent ethanol, and suspended in 20 per cent ethanol for 
plating and counting. 

* Assayed enzymatically. 

t No counts were fixed in a control experiment with heated enzyme. 

$ Complete decarboxylation of 6-phosphogluconate is assumed. 


CO; in the absence of glucose-6-phosphate did not give rise to 6-phos- 
phogluconate (Table II, System C). In the control experiments without 
ribulose-5-phosphate, a little oxidation of glucose-6-phosphate was ob- 
served. This was roughly equivalent to the TPN added and no excess 
6-phosphogluconate was formed (Table II, System B). 
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Analyses for pentose utilization were complicated by the conversion of 
ribulose-5-phosphate to ribose-5-phosphate during incubation with the 
enzyme preparation. However, by applying a correction based on the 
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Fic. 1. The oxidation of TPNH by ribulose-5-phosphate and CO,. Absorption 
Cells A and B contained 0.14 um of TPN, 11.5 units of phosphogluconic dehydrogenase 
(0.6 mg. of protein), and 62 um of glycylglycine buffer, pH 7.4, in a volume of 1.00 ce. 
At the time indicated by Arrow 1 Cell A received 0.07 cc. containing 0.041 um of 
phosphogluconate and Cell B received 0.10 ce. containing approximately 1.6 um of 
ribulose-5-phosphate plus 0.048 um of phosphogluconate. At the time indicated by 
Arrow 2 both cells received 0.1 cc. containing 250 um of KHCO, saturated with CO, 
(37 wm). The density values are corrected to a final volume of 1.17 for Cell A and 
1.20 for Cell B. 


Taste II 
Reductive Carborylation of Ribulose-5-phosphate to 6-Phosphogluconate 
Experiment 1 | Experiment 2 
System 
10min, 20 min. | 1S min. | 30 min. 
aM | | 
(A) Complete Glucose-6-phosphate —-0.51 —-0.73 —1.13  —1.33 


6-Phosphogluconate +1.02  +1.43 +2.13 +2.58 
(B) Ribulose-5-phos- Glucose-6-phosphate -0.21 -0.20  —0.08 | —0.30 


phate omitted 6-Phosphogluconate +0.07 +0.08 | +0.03 | +0.16 
(C) Glucose-6-phos- Glucose-6-phosphate Pie... 
phate omitted 6-Phosphogluconate — | —0.04 | —0.01 


Incubation was at 25° in a total volume of 1.00 cc. containing 0.13 um of TPN, 
225 um of NaHCO,, 1.1 mg. of purified yeast phosphogluconic dehydrogenase, 3.5 
um of ribulose-5-phosphate, and 1.1 and 2.2 um of glucose-6-phosphate in Experi- 
ments 1 and 2, respectively. A slow stream of CO,, saturated with H,O, was passed 
through the reaction tubes before and during the incubation with enzyme. The 
pH of the reaction mixture was 6.9. The samples were diluted with 6 volumes of 
HO, heated 2 minutes at 100°, cooled, and centrifuged. Assays were carried out as 
described under ‘‘Methods.”” The zero time samples were taken before addition of 
the enzyme. 
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result of Experiment 2, System C, pentose phosphate disappearance im 
Experiment 2, System A was estimated to be 1.36 um in 15 minutes and 
0.98 um in 30 minutes. These values, although only approximate, cor- 
respond roughly to the values for glucose-6-phosphate utilization. 


DISCUSSION 
The reversibility of the reaction 
6-Phosphogluconate + TPN = ribulose-5-phosphate + CO, + TPNH + H* 


has been demonstrated. The similarity of this reaction to the oxidative 
decarboxylation of isocitrate to a-ketoglutarate (12) and of malate to 
pyruvate (13) suggests that a similar mechanism is operative. All three 
reactions can be regarded as the oxidative decarboxylation of 8-hydroxy 
acids. 

An evaluation of the réle of this reaction in CO, assimilation awaits 
further study. Benson (14) has recently reported the formation of ri- 
bulose-5-phosphate and ribulose diphosphate from carbon dioxide in pho- 
tosynthesizing leaves. The formation of hexose by this pathway would 
require the reversal of glucose-6-phosphate oxidation by Zwischenferment. 
While no evidence for such a reversal is yet available, the observation of 
Cori and Lipmann (15) that in the oxidation of glucose-6-phosphate the 
primary product is the more readily reducible 6-phosphogluconolactone 
suggests the possibility that this is a reversible reaction. 


The authors are indebted to Dr. S. Udenfriend, National Heart In- 
stitute of the National Institutes of Health, for helpful suggestions in the 
radioactivity measurements. 

SUMMARY 


The reversibility of the enzymatic oxidative decarboxylation of 6-phos- 
phogluconate to ribulose-5-phosphate has been demonstrated by (a) the 
fixation of C¥O, in 6-phosphogluconate during the partial oxidation of 
this substrate, (b) the oxidation of TPNH by ribulose-5-phosphate and 
CO., and (c) the net synthesis of 6-phosphogluconate from ribulose-5- 
phosphate and CO, obtained by coupling the reaction with a TPNH- 
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The desoxypentose nucleic acid (DNA) content per cell of diverse mam- 
malian tissues, such as liver, pancreas, kidney, and thymusin beef, pig, and 
guinea pig, has been reported as constant by Vendrely, Vendrely, and 
Boivin (1,2). In astudy of the purine and pyrimidine composition of the 
DNA of mammalian liver, thymus, spleen, and sperm, Chargaff (3) has 
reported as well a constancy of composition. In this study we wish to 
report data on the pyrimidine composition of the DNA in a human tissue 
that is undergoing marked morphologic changes caused by cyclic variations 
in steroid hormones. The endometrium is stimulated by estrogen during 
the first half of the menstrual cycle to undergo a proliferative phase of 
growth, producing tissue that doubles its thickness within 10 to 12 days. 
During the second half of a normal cycle, under the combined influence of 
progesterone and estrogen, mitotic activity ceases and the tissue differenti- 
ates into the morphologically clear cut picture of a secretory phase. This 
unique rate of normal growth caused by estrogen and the equally well 
marked effect of progesterone suggested the possibility that the endo- 
metrium was an unusually favorable tissue in which to look for evidence 
of correlation of growth states with alterations in the composition of the 
nucleic acids. Since only small quantities of endometrium are available, 
quantitative differences in pyrimidine composition are not easily demon- 
strated. In the method presented below, however, we were able to com- 
pare the composition of one specimen with another by estimation of the 
ratio of one pyrimidine to another in any given sample. 


EXPERIMENTAL 


The investigation involved the isolation of DNA from small, fresh speci- 
mens of human endometrium which were grouped according to the histo- 
logic picture obtained from representative portions of the tissue sectioned 

* This work was supported in part by the American Cancer Society (Massachu- 


setts Division, Inc.), by the Milton Fund of Harvard University, and by a research 
grant (No. C1515) of the National Institutes of Health, United States Public Health 
Service. 
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and stained in the usual manner.' The nucleic acid preparation was hy- 
drolyzed, the hydrolysate subjected to paper chromatography, and the 
pyrimidines cytosine and thymine separated. The relative amounts of 
each base were then determined by measuring the absorption of the eluates 
from the chromatograms in the ultraviolet spectrophotometer. 

Tissue—Human endometrial specimens varying from about 70 mg. to 
2 gm. of wet weight were obtained from hysterectomies and endometrial 
biopsies.?- A group of bitch endometrial specimens was also analyzed. As 
soon after excision as possible all tissue samples were placed in the deep 
freeze (—30°) until used. Recovery experiments showed that it is possible 
to keep specimens in the frozen state for as long as 1 week with no signifi- 
cant change in the ratio of cytosine to thymine in the endometrial DNA. 
All tissue specimens were extracted for DNA well within a 1 week period. 

Preparation of DN A—The method of preparation of DNA samples was 
essentially that described by Schmidt and Thannhauser (4). Centrifuga- 
tion was used throughout in place of filtration to speed the procedure. 
The precipitate of DNA obtained by the addition of acid to the overnight 
alkaline hydrolysate was redissolved in 1 N alkali and reprecipitated with 
acid. This final precipitate was washed twice with water, once with alco- 
hol, once with alcohol-ether, and finally dried with ether. 

In several instances the DNA was isolated according to the method of 
Kerr and Seraidarian (5). This procedure was employed to confirm the 
results obtained with the Schmidt-Thannhauser technique. 

Hydrolysis of DN A—Hydrolysis of the DNA samples was accomplished 
by heating in 6 Nn HCI at 120° for 2 hours in sealed tubes. Daly, Allfrey, 
and Mirsky (6) have used this method of hydrolysis and have reported no 
evidence of the destruction of the pyrimidines cytosine and thymine under 
these conditions. After hydrolysis the tubes were cooled, opened, and the 
contents transferred to clean 16 X 150 mm. Pyrex test-tubes. The tubes 
were placed on a vacuum line and the contents rapidly evaporated to 


dryness.’ 


' Members of the Pathology Department of the Free Hospital for Women, under 
the supervision of Dr. A. Hertig, and Dr. J. MacMillan of the Pathology Department 
of the Peter Bent Brigham Hospital, generously cooperated in this study. 

2? These specimens were made available through the generous cooperation of Dr. 
J. V. Meigs, Chief of Staff, Vincent Memorial Hospital (Gynecological Service affili- 
ated with the Massachusetts General Hospital), Boston; Dr. G. Van 8. Smith, Chief 
of Staff, Free Hospital for Women, Brookline; Dr. A. Hertig, Pathologist in Chief, 
Boston Lying-In Hospital, Boston, and the Free Hospital for Women, Brookline; 
and Dr. F. D. Moore, Surgeon in Chief, Peter Bent Brigham Hospital, Boston. 

* To confirm the results of the hydrolysis with 6 x HCl, a sample of DNA was 
hydrolyzed with 98 per cent formic acid for 30 minutes, as described by Vischer and 
Chargaff (7) and Wyatt (8). Several other endometrial DNA samples were hy- 
drolyzed with 70 per cent perchloric acid for 1 hour at 100° to liberate the purines and 
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Chromatography—The dried hydrolysates were dissolved in from 1 to 2 
ml. of 1 n HCI and filtered. Capillary pipettes with reservoirs capable of 
holding up to 2 ml. of hydrolysate were used to transfer the filtered hy- 
drolysate to a corner of Whatman No. | filter paper (13 X 13 inches). 
24 hours were generally required to drain 1 to 2 ml. of the hydrolysate onto 
the filter paper with a constant gentle stream of air to hasten evaporation. 

The sheets of filter paper were then mounted on an aluminum rack which 
accommodated six sheets. This apparatus is essentially that described by 
Datta, Dent, and Harris (10). The chromatograms were developed in 
butanol saturated with 10 per cent urea in one dimension and in 5 per cent 
aqueous disodium monohydrogen phosphate with an overlayer of isoamyl 
alcohol in a second dimension, as described by Carter (11). After 24 hours 
in the last solvent system the frame was removed and the sheets were 
allowed to dry overnight at room temperature. 

The cytosine and thymine spots were located on the chromatogram by 
their absorption under the ultraviolet Mineralight. The spots were cir- 
cumscribed with pencil, and contiguous areas that were non-absorbing were 
similarly circumscribed for controls. The spots were cut out and eluted 
for 24 hours in 4 ml. of 1 x HCl and the densities of the solutions were read 
in the ultraviolet range in the Beckman spectrophotometer. Readings 
were made at 220 my at the maximum, 5 mu above and below the maxi- 
mum, and at 300 my. All readings were corrected for differences in the 
light paths of the quartz cells. The wave-length of maximum absorption 
for cytosine was taken as 275 my and the thymine maximum was taken 
as 265 mu. , 

Results 


By subjecting synthetic mixtures of cytosine and thymine to hydrolysis 
and chromatography it was found possible to make repeated determina- 
tions within a standard deviation of about 6 per cent for each pyrimidine 
or about 12 per cent for the ratio of cytosine to thymine. Similarly ali- 
quots from a large sample of DNA, obtained by the Schmidt-Thannhauser 
method from rat liver, were subjected to analysis by the same procedures 
that were employed in the analysis of the human endometrium. The re- 
sults indicated that the entire procedure is reproducible to within 5 per 
cent variation per individual pyrimidine or about 10 per cent variation for 
the cytosine-thymine ratio. 

By comparing the absorption curves of cytosine and thymine which were 
eluted from a two-dimensional chromatogram of an endometrial DNA 
pyrimidines. Marshak and Vogel (9) and Wyatt (8) report quantitative hydrolyses 
by this latter method. The results obtained by hydrolysis with 6 x HC! are con- 
firmed in Table IV by the HCIO, and HCOOH hydrolyses. 
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320 230 240 250 260 270 280 290 300 
WAVELENGTH —MILLIMICRONS 
Fic. 1. Absorption curve of a sample of cytosine obtained from a two-dimensional 
chromatogram of a hydrolysate of human endometrial DNA. A similar curve ob- 
tained for the recovered thymine showed even closer correlation. 


OPTICAL DENSITY RELATIVE TO MAXIMUM X 100 


Tasie I 
Molar Ratios of Cytosine to Thymine in DNA Obtained from Human Endometrium I* 
Phase of endometrium 
secretory seer — | Late secretory 
(14-19 days) days days) — 
0.58 0.72 0.58 0.64 | 0.72 | 0.60 | 0.65 | 0.70 | 0.57 
0.62 0.53 | 0.60 0.73 | 0.64 | 0.80 | 0.60 | 0.64 | 0.62 
0.77 0.61 0.62 | 0.62 | 0.57 | 0.64 | 0.58 | 0.72 | 0.62 
0.58 0.53 0.60 | 0.70 | 0.57 | 0.66 | 0.56 | 0.66 | 0.78 
0.64 0.65 | 0.56 | 0.68 0.58 0.62 | 0.55 | 0.48 
0.58 0.68 | 0.62 | 0.56 0.61 
0.61 0.58 0.53 0.65 
Mean 0.61 0.63 0.63 0.64 
+0.013 +0.017 0.022 +0.029 


8.d. = standard deviation. C.v. = coefficient of variation. S.e. = standard 


error. 
* Each analytical figure corresponds to a separate endometrial specimen. Dupli- 
cate and triplicate analyses were made in most instances. The figures of Table I 


represent the average for each specimen. 
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hydrolysate with the absorption data of the pure compounds in acid as 
reported by Hotchkiss (12), the identity of the cytosine and thymine spots 
was confirmed. Fig. 1 illustrates such confirmation. 


Taste II 
Molar Ratios of Cytosine to Thymine in DNA Obtained from Human Endometrium II* 
Hyperplastic endometrium Menstrual endometrium 

0.60 0.65 0.62 0.81 
0.57 0.56 0.55 0.65 
0.75 0.61 0.66 0.60 
0.66 0.59 0.57 0.58 
0.65 0.61 0.69 0.49 
Mean 0.62 0.62 

S.d. 

C.v. 062 7 9:2% Deo 4% 

S.e. +0.018 +0.026 


. * Duplicate and triplicate analyses were made in most cases. These figures 
represent the average for each. 


Taste III 
Molar Ratios of Cytosine to Thymine in DNA Obtained from Canine Endometrium 
Molar ratio Comments 
0.66 Proliferative with marked stromal edema 
0.60 ? 
0.68 Proestrus 
0.60 Oral administration of estrogen and progesterone 
0.73 Late metestrus 
0.69 Anestrus 
0.53 ? 
0.68 Decidua 
0.52 Oral administration of estrogen and progesterone 
Mean 0.63 
8.d. 
.069 
C.v. 067 11% 
S.e. +0.022 


A study of the chromatograms obtained from the hydrolysates of the 
crude endometrial DNA showed a spot, strongly absorbent in the ultra- 
violet, adjacent to the thymine position. This spot gave a positive nin- 
hydrin test and showed an absorption curve almost identical with tyrosine. 
This spot of course confirms the presence of protein in DNA prepared by 
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the Schmidt-Thannhauser method. About 90 samples of human endo. 
metrium were analyzed by the above procedures. Preliminary assays 
showed that endometrial curettings smaller than 75 mg. of wet weight 
were generally too small to yield sufficient DNA for study. The data on 


Confirmation of Cytosine to Thymine Molar Ratio by Varied Isolation, Hydrolysis, 
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Taste IV 


and Chromatographic Techniques 


Sample No. Mode of isolation of DNA Hydrolysis Chromatography 
90D, prolifera- Removal of PNA* 6 wn HCl, 120°, Two-dimen 
tive (Kerr-Seraidarian) ; 2 hrs. sionalt 
crude residue used 
DNA 
90K, prolifera- Removal of PNA by ex- 6 ~x HCI, 120°, o 
tive haustive extraction) 2 hrs. 
with 0.14 mu sodium 
chloride (Kerr-Serai- 
darian); residue sub- 
jected to alkaline 
hydrolysis at 37°; 
DNA according to 
Schmidt and Thann- 
hauser 
Proliferative | Schmidt-Thannhauser 6 HCl, 120°, 
(mean) 2 hrs. 
107-2, mid- | Removal of PNA (Kerr-| 70% perchlo- One-dimen- 
secretory Seraidarian); crude ric = acid, sional{ 
residue used as DNA 100°, 1 hr. 
98% formic 
acid, 185°, 
hr. | 
Midsecretory Schmidt-Thannhauser 6 HCl, 120°, Two-dimen- 
(mean) 2 hrs. sional | 


* PNA = pentose nucleic acid. 


t Developed in butanol-urea in one dimension and in disodium monohydrogen 


phosphate-isoamy] alcohol in the other dimension. 
t Developed in isopropanol-aqueous 2 n HCl. 


these specimens, recorded in Tables I and II, are presented as molar ratios 
to facilitate comparison with other such data in the field of nucleic acid 
chemistry. It is noted that samples from all phases of the normal cycle, 
under different hormonal stimulation, are represented. The pyrimidine 
composition of the DNA obtained from these tissues is essentially the same. 
It is interesting to note that the menstrual endometrium, in which a marked 
concentration of leucocytes occurs and in which tissue autolysis is in pro- 
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A study of canine endometrium was also begun, but it was found im- 
practicable to control the hormonal effects on the uterus. Table III lists 
preliminary observations on canine endometrium which are presented be- 
cause they suggest that the pyrimidine composition of the endometrial 
DNA is constant in various stages of the endometrial cycle and that this 
composition is the same as that found in human endometrium. 

To confirm the results obtained with the procedures used in this investi- 
gation other methods of DNA isolation, hydrolysis, and chromatography 
were employed. The results are shown in Table IV. There is close corre- 
lation between these confirmative results and those obtained in the main 
body of the investigation. 

The perchloric acid hydrolysis of DNA obtained from a sample of mid- 
secretory human endometrium is shown in Table V. It indicates that 
there is a preponderance of adenine and thymine as compared to guanine 

Taste V 
Purine and Pyrimidine Composition of DNA Obtained from Human Endometrium* 


Molar ratiot 


Sass 
S228 


* HCIO, hydrolysis. 

t Galculated to total 4. 
and cytosine in the DNA and that the molecule of nucleic acid does not 
correspond to a “tetranucleotide,” as postulated by Levene and Bass (13). 
No 5-methyl cytosine was observed on the chromatogram of the HCIO, 
hydrolysate, although, if present, it may have escaped detection because 
of its extremely low concentration. 


There is a continual search both for a “fundamental” réle for nucleic 
acids and for a more basic understanding of the actions of hormones. We 
are seeking a correlation of steroid hormone activity with changes in nucleic 
acid chemistry in endometrial tissue. Steroid hormones produce marked 
and well defined changes in the endometrium, but these changes are not 
reflected in the pyrimidine composition of the DNA isolated from the 
tissue. Since the pyrimidine composition of DNA was found to be con- 
stant throughout the cycle, our data support in a general way the idea 
expressed by others (1, 2, 14, 15) from work on cellular content that the 
DNA of cells is “unchangeable” and is closely related to the genetic ma- 
terial of the cell. 


ISCUSSION 
DISCUSSIO} 
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The average value of 0.62 obtained for the molar ratio of cytosine to 
thymine corresponds closely to Chargaff’s (3) results for the molar propor. 
tions of the pyrimidines in the DNA of human thymus, sperm, and liver, 
The molar proportions of cytosine and thymine in the DNA of the dog 
endometrium were identical to those in the human. 

The observations of Chargaff et al. (16) and Wyatt (8) indicate that the 
DNA from animals contains a larger molar proportion each of adenine 
and thymine than of guanine or cytosine (“AT” type of tissue) as com- 
pared to bacteria, which have a larger molar proportion each of guanine 
and cytosine than of adenine or thymine (““GC” type of tissue). We have 
shown that human endometrium falls into the “AT” type. 

Studies on the pentose nucleic acid composition of endometrium, in both 

SUMMARY 


1. It is possible to obtain sufficient DNA from about 75 mg. of wet 
weight of human endometrial tissue to separate, identify, and estimate the 

2. The pyrimidine composition of the DNA obtained from human endo- 
metrium is constant throughout the menstrual cycle. 

3. The pyrimidine composition of canine endometrial DNA is similar 
to that of the human. 

4. The “tetranucleotide” hypothesis does not apply to DNA from human 
endometrium. The DNA is an “AT” type; it contains more moles each 
of adenine and thymine than of guanine and cytosine. 


We are indebted to Miss Shirley Daniels for technical assistance. 
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POTENTIOMETRIC STUDIES OF A SULFONATED IRON 
PORPHYRIN* 


Br ROBERT IRVING WALTERt 
(From the Kent Chemical Laboratory and the Institute for Nuclear Studies, University 
of Chicago, Chicago, Illinois) 
(Received for publication, July 13, 1951) 


Conant and his students reported (1, 2) the first potentiometric study of 
iron protoporphyrin [X! and its coordination complexes with electron pair 
donor groups. The study was extended by Barron (3, 4) and by Clark and 
his students to include other porphyrins (5, 6) and metals other than iron 
(7). Spectrophotometric data on the iron complexes have been reported 
by Hogness and coworkers (8) and by Clark and Perkins (9). Finally, 
Shack and Clark (10) have made an intensive study, using both methods, 
of the pyridine iron protoporphyrin and cyanide iron protoporphyrin sys- 
tems. 


Information on the nature of the dissolved metalloporphyrin complexes 
has been obtained from the more recent investigations (5-10) by applica- 
tion to the data of objective mathematical methods of analysis. These 
in some cases led to formulation of substances in which seven groups were 
coordinated to iron, rather than the normal six. Furthermore, the general 
picture resulting from the study of these systems has included a discrep- 
ancy in their indicated state of aggregation: the interpretation of the 
spectrophotometric results required that both ferro- and ferriprotopor- 
phyrin in solution be formulated as dimers, while potentiometric titrations 
of this system showed that the oxidation-reduction process involved only 1 
electron. The discrepancy might be due to the nature of the compounds 
studied, since, with both techniques, results in critical regions of pH and 
concentration were obscured by their low solubilities. It might originate 
from inability to detect by the potentiometric method energy changes ac- 
companying changes of aggregation, when these energy changes are small 
relative to those required in the simultaneous process of electron transfer. 
Finally, it could arise if the steps of a 2-electron oxidation occurred without 


* From the dissertation submitted by Robert I. Walter to the Graduate School of 
the University of Chicago, in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. 

t Lindsay Light and Chemical Company Fellow, 1947-48, and Predoctoral Fellow 
of the United States Atomic Energy Commission, 1948-49. Present address, School 
of Chemistry, Rutgers University, New Brunswick, New Jersey. 

Protoporphyrin IX is 1,3,5,8-tetramethyl-2,4-divinylporphyrin-6 ,7-dipropionic 
acid. The isomer number IX will be omitted in the future. 
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energy interchange; the potentiometric titration curve for the 2-electron 
system would then be identical in shape with that for the common 1-elee. 
tron system. This and other types of interaction in a 2-electron oxidation. 
reduction system are discussed by Shack and Clark (10). 

The work reported here was undertaken in the hope that more informa- 
tive data might be obtained by working with a porphyrin whose iron 
complex would be soluble over the entire pH range. The material selected 
was deuteroporphyrin LX dimethyl] ester disulfonie acid,? which will here- 
after be abbreviated to DPE(SO;H).. Both it and its iron complex had 
previously been prepared by Treibs (11), who reported them to be stable 
and sufficiently soluble for the projected experiments. 


APPARATUS 


The titration cell and accessories were patterned in general after those 
described by Clark (12). The cell itself was a 100 ml. tall form beaker 
equipped with two platinum electrodes which could be read individually 
against a saturated KCl-calomel half-cell. Potentials were measured on a 
- Leeds and Northrup type K-2 potentiometer. A Rubicon galvanometer 
with a sensitivity of 0.0013 ma. per mm. was employed. The two Eppley 
standard cells used to standardize the potentiometer were compared with 
a cell certified by the Bureau of Standards. Clark’s value of +0.2458 volt 
was taken for the calomel half-cell in converting to standard potentials 
against the hydrogen electrode. 

Nitrogen of the “high purity, dry” grade was further purified by passing 
it through a column of activated copper deposited on fuller’s earth by the 
method of Meyer and Ronge (13). The lump catalyst used in this column 
to insure an adequate flow rate was maintained at 480-500°. The purified 
nitrogen passed via a water tower and a length of Saran tubing terminating 
in a 12/30 standard joint to a 10 mm. coarse sintered glass filter, through 
which it bubbled into the cell. In order to stir the solution sufficiently to 
maintain agreement between the platinum electrodes, a nitrogen flow rate 
of about 60 ml. per minute was necessary. 

Electrolytic hydrogen, passed over 5 per cent platinized asbestos at 400° 
and through a water saturator, was used for reducing solutions for the 
titrations. 

Fig. 1 shows the closed burette used for storing and titrating solutions, 
and the vessel for reducing or removing oxygen from them. Stop-cocks 
for the burette must be high grade and, if necessary, lapped in with fine 
abrasive to avoid leaks. The burette was cleaned and thoroughly rinsed 

2 Deuteroporphyrin IX is 1,3,5,8-tetramethylporphyrin-6,7-dipropionic acid. 


Thus the abbreviation DPE(SO;H), represents the compound 1 ,3,5,8-tetramethyl- 
porphyrin-6,7-dipropionic acid methyl ester 2,4-disulfonic acid. 
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with tube H open: this was then sealed and the stop-cocks greased with 
Apiezon N, according to vacuum line techniques. The reduction vessel 
was connected by joint A to a manifold leading to purified nitrogen or 
hydrogen or to vacuum, and the flexible Saran nitrogen lead inserted in 
joint D. The inverted burette was then connected by joints F and both 
vessels evacuated and dried out through A and D. With the burette under 
vacuum and the reducer filled with nitrogen, B was opened and the reagent 
solution poured in. If it was to be reduced, a small amount of 5 per cent 
platinized asbestos was also added. The cap was then replaced and, with 


Fic. 1. Enclosed burette (left) and reduction vessel. A, B, D, and F, 12/30 in- 
terchangeable joints; C, 20 mm. coarse fritted filter; E and G, 2 mm. 120° bore stop- 
cocks; J, 1 mm. angle bore stop-cock; H, drain tube for cleaning storage bulb. 


joint A closed, hydrogen or nitrogen was bubbled through the solution 
via D. Finally, B was closed and gas in the reducer allowed to build up to 
line pressure (about 850 mm.) to force the solution through £ and G into 
the evacuated burette. The burette bulb was filled with gas to 1.6 to 1.8 
atmosphere so that sufficient pressure was available to force the solution, 
which initially occupied 30 per cent of the bulb, into the titration cell. 
Rubber bands were placed over both burette stop-cocks to hold them in 
against the positive pressure inside. The burette was inserted into the 
titration cell through a collar of rubber tubing wired over the flange on a 
larger glass tube which passed through the rubber stopper closing the cell. 
This arrangement was sufficiently flexible that great care did not need to 
be taken in clamping the burette. 
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With repeated use, stop-cock J began to leak, and solutions generally 
had to be replaced after forty or 50 titrations. The solutions themselves 
were stable indefinitely. An aqueous solution of leuco potassium indigo- 
disulfonate showed no sign of decomposition or oxidation after 8 months, 
and its titration data gave an excellent fit, as determined by the Reed and 
Berkson analysis (14), to the 2-electron titration curve. 

All pH measurements were made on a Beckman model G pH meter, 
with the high alkalinity No. 1190E glass electrode. No sodium salts were 
used in making up solutions, in order to reduce the error at high pH. 


MATERIALS 


It is appropriate first to point out that the criteria of purity and identity 
conventionally used in organic chemistry are inapplicable to the porphyrins, 
None of those mentioned in this paper gives a melting point which is a 
physical constant for an equilibrium process. Analytical data are of only 
limited value for detection of impurities of similar composition in com- 
pounds having molecular weights in the range 700 to 750. Absorption 
spectra have been reported for almost all of the known porphyrins, but the 
original measurements were frequently made on impure materials, and the 
spectra of all of the porphyrins and all of the iron complexes are so similar 
that even careful work may fail to detect mixtures. 

Accordingly, in this study, the formation of a distinct band in a chroma- 
togram was taken as the criterion of purity of the free porphyrin. For the 
iron complex, the criterion was close adherence of the potentiometric titra- 
tion curve of the iron DPE(SO;H), to that of a 1-electron system when 
titrated in 0.02 m cyanide. Fortunately, two sulfonic acid groups shift the 
potential of this system some 170 mv. positive to that of the unsulfonated 
iron porphyrins; thus the method should reveal the presence of small 
amounts of unsulfonated metalloporphyrin in a sulfonated sample. 


Preparation of DPE(SO,H): 

Ferrideuteroporphyrin Chloride—6 gm. of ferriprotoporphyrin chloride 
(hemin), prepared from bovine blood cells by the method of Fischer (15), 
were fused with 18 gm. of resorcinol at 180—190° for 45 minutes, and finally 
heated to 200°. The cooled tacky mass was washed thoroughly with ether 
to give an impure brown powder weighing 6 gm. (Fischer and Hummel 


(16)). 
yrin—Iron was removed by the method of Fischer and 


Deuteroporph 
Pitzer (17) from 2 gm. samples of deuterohemin by refluxing with 80 ml. 
of formic acid and 1 gm. of iron powder, added in small portions. The 
mixture was boiled 20 minutes, cooled, filtered, diluted with water, and 
NaHCO; added to pH 3. The dark amorphous precipitate was centri- 
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fuged and washed twice with water in the centrifuge tube. The crude dry 
product weighed 1.66 gm. An alternative method with the more expensive 
PdO and formic acid gave about the same yield of slightly cleaner looking 
product (see Corwin and Erdman (18)). 

Deuteroporphyrin Dimethyl Ester—A solution of 4.84 gm. of deutero- 
porphyrin in 450 ml. of pyridine dried over KOH was esterified with an 
ether solution of excess diazomethane prepared from N-nitrosomethylurea 
(19). After nitrogen evolution had ceased, the solution was diluted with 
3 volumes of hot water and the ester centrifuged a day later. After dry- 
ing, it was recrystallized from chloroform-methanol, with the loss of a 
large amount of amorphous brown material insoluble in chloroform. The 
final product consisted of 1.30 gm. of good crystals plus 0.43 gm. of poorer 
material recovered from filtrates, giving yields of 26.3 and 8.7 per cent 
based upon the ferriprotoporphyrin chloride initially used. 

Deuteroporphyrin Dimethyl Ester Disulfonic Acid—The sulfonating agent 
was anhydro pyridinium acid sulfate (Baumgarten (20)), prepared by dis- 
tilling SO; from 150 ml. of 30 per cent fuming sulfuric acid into 60 ml. of 
pyridine and 150 ml. of chloroform in a stirred flask. When the reaction 
was complete, the contents of the flask became almost solid; they were 
washed with carbon tetrachloride, dried overnight in vacuo, and washed 
carefully with small portions of ice water. The product was a yellowish 
powder, which must be protected from moisture. Yield, 120 gm., or 91 
per cent. 

Deuteroporphyrin dimethyl ester was sulfonated by fusing 1 gm. por- 
tions with 15 gm. of anhydro pyridinium acid sulfate in a large crucible 
at 170-200° for 20 minutes. After cooling, 8 ml. of water were added 
to the glassy melt, which disintegrated overnight, leaving a residue of 
DPE(SO;H)2. The latter was collected and washed with acetone. The 
product was too hygroscopic to weigh, but yields in the sulfonation were 
believed to run over 90 per cent. The method is due to Treibs (11). 

Purification of DPE(SO;H).—The method first applied was recrystal- 
lization from methanol containing formic acid, as recommended by Treibs. 
A great deal of porphyrin is decomposed by this solvent, and the three 
times recrystallized product, after formation of the iron complex, gave 
titration curves in alkaline cyanide which indicated upon analysis the per- 
sistence of about 5 per cent of an impurity. Removal of this substance 
was achieved by chromatography. 

Aleoa F-20 grade alumina, previously washed overnight with running 
distilled water, was packed as a slurry into a column of 5 cm. diameter and 
11.5 cm. length, washed with methanol to remove water, and a pressure 
head (21) for applying nitrogen pressure fitted into place. A solution in 
350 ml. of methanol of 0.48 gm. of recrystallized DPE(SO;H), was neutra- 
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lized to pH 7.5 with alcoholic potassium hydroxide and poured on the 
column. The red-brown band formed was about 2.5 cm. wide. The sub- 
sequent development and elution of the chromatogram were carried out 
with solvents which had been freed of oxygen by boiling and cooled under 
nitrogen; they were transferred to the column under nitrogen pressure 
against a stream of nitrogen from the pressure head. Washing with 1400 
ml. of 20 per cent water in methanol removed an indistinct band of ma- 
terial labeled Sample C. An intermediate wash of 150 ml. of 50 per cent 
water-methanol removed a mixture of the two bands. Finally, 350 ml. 
of water cleaned the column completely, giving the main body of material, 
Sample D. Both products were recovered by vacuum distillation and, in 


Taste I 
Analysis of Porphyrins Separated by Chromatography on Alumina 


Analysis of salts Analysis of methyl esters | a 
Sample | 
Loss Potential i 
percent percent | percent | percent percent | soll 
c* «0.36 «62.63 —0.1430 
— 0.0689 


Calculated for 
DPE(SO;H), 


* For comparison with Sample C, the following calculated values (per cent) are 
of interest. 


| | 
| : | 
D | 12.8 23.4 0.69 | 56.13 
| | 
| | 


2.9 0.00 | 56.18 | 5.27 


the last stages, pumping off solvent from the frozen solution on the vacuum 
line 


The two products were potassium salts. There was too little of Sample 
C for a complete set of determinations. After conversion of the salts to 
the free sulfonic acids by pumping off solutions in methanol saturated with 
dry hydrogen chloride, they were esterified with diazomethane and re- 
crystallized from chloroform-methanol. Conversion to the esters was not 
complete, as demonstrated by the persistence of ash in the combustion 
samples; no correction was made for ash in computing the results of the 
combustions. The iron complexes of the two porphyrins were prepared 
and titrated in alkaline cyanide. The results are collected in Table I. 
The analyses of the impurity, Sample C, and the potential of its cyanide 
complex suggest that it is trimethyldeuteroporphyrin [X monosulfonate. 

* It is essential that the chromatogram be run in the absence of oxygen to avoid 
decomposition of the porphyrin, resulting in formation of irregular bands. 
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Preparation of Iron DPE(SO;H), 


The iron complex was prepared from 0.280 gm. of chromatographed 
DPE(SO;K), hydrate in a 500 ml. 2-neck flask equipped with a condenser 
and sintered glass gas bubbler. Iron powder (31 mg.) was dissolved in 
dilute acetic acid in the flask, and oxygen-free potassium hydroxide solution 
run in from the reduction vessel to give 70 ml. of solution which was 0.12 
m in both potassium acetate and acetic acid. These buffered the system 
at pH 4 to 5.4 

The porphyrin was then added through the condenser opening against 
the stream of escaping nitrogen gas and the mixture refluxed for 10 min- 
utes. After cooling (the ferroporphyrin is oxidized by the air introduced), 
the solution was frozen and pumped dry on the vacuum line. The dry 
residue was taken up in water, made alkaline with standardized potassium 
hydroxide solution, and ferric hydroxide filtered by using Celite filter aid. 
The filtrate was neutralized to pH 7.05 with acid, reduced, and run into a 
dry burette, as previously described. This ferroporphyrin solution was 
used over a 6 week period for all of the titrations reported. The total 
volume was 75 ml., and the calculated ionic strength 0.13. The average 
of ten titrations in alkaline cvanide gave a concentration of ferroporphyrin 
of 0.00347 + 0.00007 m. This concentration was constant within the 
limits of error of the titrations throughout the period of use, and there was 
no evidence of decomposition from any change in shape of the titration 
curves. The yield in formation of the complex calculated from the con- 
centration of this solution was 81 per cent. Most of this loss was due to 
adsorption of complex on the ferric hydroxide precipitate, which in most 
trials was very dark, rather than rust-red. 


Titration Reagents 

Potasstum Ferricyanide—The oxidizing agent used in the titrations re- 
ported was potassium ferricyanide. Merck’s reagent grade salt was re- 
crystallized twice from water, dried, pulverized, and stored over phosphorus 
pentoxide. It was decomposed for analysis by heating to the fuming 
temperature in concentrated sulfuric acid. The residue was dissolved in 
water and the iron determined by precipitation with ammonia and ignition 
to ferric oxide, which was weighed. The results were 17.06, 17.02, and 
17.00 per cent iron; the calculated value is 16.96 per cent. 

This salt served as the standard for calculating concentrations of all the 
solutions titrated. For oxidative titrations, a 4 <X 10-* m solution, con- 
taining sufficient potassium chloride to give an ionic strength of 0.20, was 
swept free of oxygen by purified nitrogen and was stored in a burette. 


‘ Introduction of iron in the absence of the buffer leads to partial loss of sulfonic 
acid groups from the porphyrin. 
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Because of concentration changes during sweeping, the concentration of 
these solutions was determined by comparison with reductant; this in 
turn was standardized against determinate potassium ferricyanide solutions 
placed directly in the titration cell and swept free of oxygen with the titra- 
tion solvent. 

Phthiocol—2-Hydroxy-3-methy]-1 ,4-naphthoquinone was used as the re- 
ducing agent. The procedure of Fieser (22) was used in its preparation, 
with an over-all yield of 30 per cent. Approximately 2.5 X 10-* mM solutions 
were made up by dissolving the quinone in 1 equivalent of potassium 
hydroxide, adding potassium chloride to give an ionic strength of 0.20, 
and diluting to volume. They were reduced with hydrogen and platinized 
asbestos and stored in a burette, as already described. The phthiocol was 
standardized by reductive titrations of determinate ferricyanide solutions 
in acetate buffer. The precision of the titrations, as determined by the 
Reed and Berkson analysis, was about 0.5 per cent. 

Solutions of phthiocol and potassium ferricyanide in the oxygen-free 
burettes were stored in the dark, and showed no deterioration, within the 
limits of error of the determination, until they were exhausted at the end 
of 6 weeks. 

Pyridine—Reagent grade pyridine was purified by precipitation as the 
perchlorate (Arndt and Nachtwey (23)), which melted at 292°. Pyridine- 
water solutions for the titrations were made up with 0.20 mM potassium 
chloride. Because of appreciable volume changes in making up the rather 
concentrated solutions used, and loss of pyridine in sweeping them with 
nitrogen before storing in a burette, the base was determined by titration 
with hydrochloric acid to pH 3.09. The end-point was determined on the 
pH meter with a known mixture of pyridine and acid, with an accuracy of 
about 1 per cent. 

Potassium Cyanide—Reagent grade potassium cyanide from freshly 
opened bottles was used in preparing cyanide solutions. Potassium chlo- 
ride was added to ionic strength 0.20. Concentration of the swept solu- 
tions was determined by titration with standard silver nitrate for 0.1 M, 
and by dilution of determinate solutions for less concentrated solutions. 

Buffer solutions were made up with boiled water, carbonate-free po- 
tassium hydroxide, and reagent grade boric acid, acetic acid, potassium 
dihydrogen phosphate, and potassium acid carbonate. If necessary, po- 
tassium chloride was added to bring the ionic strength to 0.20. 


Conditions for Titrations—The potentiometric titrations reported were 
run with 2.4 to 2.8 X 10~ M iron porphyrin solutions at ionic strength 
0.195 + 0.01 and at 24.9-25.0°. The initial solvent volume was 25 ml. 


RESULTS 
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No effort has been made to determine true thermodynamic constants at 
zero ionic strength. 
Stability of Systems Titrated—Stable systems are arbitrarily defined as 


‘ those which, after the 3 to 5 minutes required to distribute newly added 


reagent throughout the cell, drifted less than 0.10 mv. per minute. Of the 
three systems studied, those with pyridine and with cyanide were stable at 
sufficient concentrations of the base used to form the complex. The iron 
porphyrin in the complete absence or in the presence of low concentrations 
of the complexing bases gave potentials which drifted oxidatively at rates 
greater than the arbitrary limit. Under the conditions used, such a drift 
of the order of 1 mv. per minute (10 times the limit for a stable system) 
could be caused by residual oxygen at a partial pressure of 5 X 10~-* atmos- 
phere in the gas stream passed through the titration cell, if the solution 
reacted with all of the oxygen passing through it. By working systemati- 
cally to maintain uniform time intervals for the addition of successive 
increments of reagent, it was possible to reproduce titration mid-points 
for the unstable systems within 10 mv. in the worst cases (at very low con- 
centrations of cyanide), and within 2 mv. in the great majority of them. 

Treatment of Data—A summary of the meanings of the symbols used in 
the text and figures is given in Table II. The methods introduced by 
Clark et al. (24) for the analysis of data have been applied here. Proposi- 
tions referred to by number appear in that reference. Where possible, 
potentiometric titration data are analyzed by the method of Proposition 
XVI, based on Reed and Berkson’s procedure (14). In this work, how- 
ever, titration curves are encountered which do not correspond to simple 
l-electron or 2-electron changes and cannot be analyzed by these methods. 
A rapid general test for type of titration curve can be carried out by esti- 
mating the asymptotes to a plot of potentials versus the per cent reaction 
for the titration, and drawing a tangent to its mid-point. The potential 
difference between the intersections of the tangent with the asymptotes 
is called AE,. 

Theoretical values for AE,, determined by differentiation of the Nernst 
equation for 25°, are 0.102 and 0.051 volts for a 1-electron and a 2-electron 
reaction, respectively. These correspond to Case 1 and Case 2 in Shack 
and Clark’s (10) treatment of equilibria involving dimers. Case 3, in 
which interaction between parts of the dimer increases the stability of the 
reaction intermediate relative to that in a 2-electron system in which no 
interaction occurs, gives symmetrical titration curves having AE, > 0.102 
volt. Case 4, involving interaction between parts of the dimer of such 
nature as to decrease the stability of the reaction intermediate, gives sym- 
metrical titration curves having 0.102 volt > AE, > 0.051 volt. Finally, 
a reaction in which a monomeric reductant is oxidized to a dimeric oxidant 
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gives an unsymmetrical titration curve with AE, = 0.077 volt. Since de- 
termination of AE, depends upon graphical placement of the titration 
asymptotes, it can generally be carried out with an accuracy of only 
+0.005 volt. 

Iron DPE(SO;H),. in Aqueous Buffers—Both the variation with pH of 


TaB_e II 
Definitions of Symbols Used 


DPE(SO;H), = 1,3,5,8-tetramethylporphyrin-6,7-dipropionic acid methyl ester 
2,4-disulfonic acid 

R = monomeric unit of ferroporphyrin 

Oo = ferriporphyrin 

Sz = total concentration of ferroporphyrin, considering all species in which it oc- 
curs 

So = total concentration of ferriporphyrin, considering all species in which it oc- 
curs 

B =a molecule or ion capable of coordination with the iron atom of an iron 
porphyrin by donation of a bonding electron pair 

r = No. of moles of B associating with 1 mole of ferroporphyrin 

Kz = dissociation constant of complex of R with B 

Ko = sé sé sé sé sé sé 

E, = potential of oxidation-reduction system relative to normal hydrogen elec- 
trode 

E’) = potential relative to normal hydrogen electrode of system at 50% oxidation 
and any specified pH 

E, = potential relative to normal hydrogen electrode of system at 50% oxidation, 

specified pH, and specified concentration of B 

E, = limiting potential relative to normal hydrogen electrode of system as con- 
centration of B is increased indefinitely at 50% oxidation and specified pH 

AE, = potential difference between intersections with asymptotes to titration 
curve of a tangent to curve mid-point 

n = No. of equivalents required to reduce 1 mole of oxidant 

y = volume of oxidizing or reducing agent added to system 

d -# correction in value of y for volume of reagent used to titrate impurities 
(d > 0), or for volume equivalent to state of oxidation or reduction of 
system at y = 0 (d < 0) 


the mid-points of the titration curves, and the shapes of the individual 
‘curves, vield information on the nature of this complex in aqueous solution. 
The conclusions based upon these two types of evidence will be considered 
in turn. 

Values of E’, for the system are plotted against pH in Fig. 2. (The 
various methods used to determine the titration mid-points are mentioned 
later.) The graph shows major segments of the curve with slopes, 
AE’,/ApH, of —0.03 volt in acid, and —0.06 volt per pH unit in alkaline 
solution. Since the stoichiometry of the titrations shows that oxidation 
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involves the transfer of 1 electron per iron atom, application of Proposition 
X requires that in alkaline solution the ferriporphyrin be associated with 
1 less proton (or its equivalent) per iron atom than the ferroporphyrin. In 
acid, the oxidized form must be associated with / less proton than the 
reductant for each 2 iron atoms. The simplest system which could meet 
this last requirement is an iron porphyrin dimer; this would lose 1 proton 
per dimeric unit. 

The —0.03 slope is particularly significant, since it is the best potentio- 
metric evidence for the existence of a dimeric iron porphyrin in the absence 
of coordinating bases. The dimeric ferriprotoporphyrin required by the 
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Fic. 2. Variation of potential, at 50 per cent oxidation and ionic strength 0.20, 
with pH. Curve A, iron DPE(SO;H), in aqueous buffers. Curve B, cyanide iron 
DPE(SO;H):; cyanide concentration 0.02 m. Curve C, pyridine iron DPE(SO;H);; 
pyridine concentration 1.1 mM. The crossed points represent titrations in buffers 
containing PO,". 


spectrophotometric results of Hogness ef al. (8), and the dimeric ferro- 
protoporphyrin which Shack and Clark (10) considered probable, are in 
accord with these results on a different porphyrin. Previous potentio- 
metric results for the iron protoporphyrin system have been interpreted 
in various ways: Conant and coworkers (1, 2) considered the reductant 
monomeric and the oxidant dimeric, while Barron (3) reported the reverse 
situation. Shack and Clark (10) interpreted their titration curves as the 
l-electron case and concluded that the polymeric system forced upon them 
by other evidence did not undergo changes in aggregation which were 
operative potentiometrically. 

By Proposition XI, the intersection of the two curve segments at pH 6.8 
is the pK, for a second acid group on the ferriporphyrin. The pK, for 
the stronger acid group should lie at the intersection of a segment of zero 
slope (where both oxidation states of the iron porphyrin exhibit the same 
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degree of acid dissociation) and the segment of —0.03 slope. Since the 
data show the continuation of the —0.03 slope down to pH 1.6, the value 
of pK, must be less than this. 

A probable peculiarity in the E’o-pH plot at pH > 12 escaped notice 
until too late for further experimental verification. The point at pH 12.9 
is the most accurately determined on Curve A, Fig. 2 (see below); it is 
appreciably above the line on which points at lower pH fall. The point at 
pH 13.8 is nearly 65 mv. above the continuation of this line. This at first 
appeared to be a deviation due to the necessarily high ionic strength in 1 u 
alkali, but a correction for ionic strength difference of this magnitude taken 
from data on the cyanide complex is only —35 mv. (The formulations 
proposed later, under the “Discussion,” make the iron porphyrin in alkali 
of pH > 12, and the cyanide iron porphyrin, complexes of the same charge 
type for both oxidation states.) The evidence is inconclusive, but suggests 
a horizontal segment intersecting the —0.06 slope section at about pH 13. 
Assuming this to be the case, then, by Proposition XI, the ferroporphyrin 
has undergone an acid dissociation (or its equivalent) at about pH 13, and, 
by Proposition XI, both the ferroporphyrin and ferriporphyrin are in the 
same state of acid dissociation for pH > 13. 

We turn now to evidence derived from consideration of the shapes of the 
individual titration curves. That at pH 13.8 is unsymmetrical; by Prop- 
osition I, a change in aggregation is indicated. For the half reaction 


2R = O2 + 2e (1) 


the theoretical value of AE, is 0.077 volt. In this titration, the observed 
value is 0.091 volt. (For this and other titrations to be mentioned later, 
all having unsymmetrical curves and AE, in the range 0.085 to 0.091 volt, 
the data are interpreted to indicate the half reaction of Equation 1. No 
explanation for the uniformly high AE, values is apparent, other than the 
general difficulty in determination of this quantity for an unsymmetrical 
titration curve.) Since previous results in the field, as well as those re- 
ported in this paper, require stronger coordination of Brgnsted bases with 
the ferroporphyrin than with ferriporphyrin, the dissociation at pH 13 of 
the ferroporphyrin dimer which exists at lower pH values is assumed to be 
due to coordination with hydroxide ion at this higher pH. The spectro- 
photometric data of Shack and Clark (10) show that the coordinated 
monomeric ferroporphyrins contain two Brgnsted base groups; by analogy, 
we have [HO—R—OH)- when the base is OH-. 

This postulate by analogy with known nitrogenous base complexes is 
confirmed by the data of Keilin (25) on a group of ferroporphyrins. These 
all were found to undergo a spectral change at about pH 13, with formation 
of a substance which, in the case of ferrohematoporphyrin, was demon- 
strated to have the composition [HO—R—OH)-. 
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Since this species contains the equivalent of two ionized acid groups, a 
ferriporphyrin dimer, which by half reaction (1) must be in equilibrium 
with the proposed ferroporphyrin, must also contain two such groups per 
iron atom (if the E’o-pH curve is horizontal for pH > 13). If these groups 
are also hydroxide ions, we have, for each iron atom, four bonds to porphyrin 
nitrogens, two to OH-, and one to the other iron, for a total of seven. 
Clark and Perkins (9) and Shack and Clark (10) have similarly been forced 
to postulate heptacoordination, in contradiction to the generally observed 
hexacoordination of iron. The latter authors point out that this difficulty 
may really be one of structure, for if the bond between units of the dimer 
is not directly between the iron atoms, but involves basic groups, all of the 
requirements mentioned can be met without heptacoordination. They 
discuss particularly the possibility of such a bond involving the unshared 
electron pairs of a water molecule, the 2 hydrogen atoms acting as acid 
groups of widely separated pK,. Such a bond is employed here and in 
subsequent cases for convenience in making the formulations specific, but 
with no intention of implying that further evidence has been obtained in 
support of such a structure. The ferriporphyrin then becomes, for pH 
> 13.5, (HO—O—O—O—OHI. 

The evidence already considered based upon variation of E’» with pH 
requires, for pH < 13, ferro- and ferriporphyrins which are at least dimeric. 
For 6.8 < pH < 13, a dimeric ferriporphyrin contains two more dissociated 
acid groups than the ferroporphyrin, and the proposed formulation is 
[H,O—O—-O—-O—-OH.]. For pH < 6.8, it contains one more dis- 
sociated as group than the reductant, and the formulation proposed is 


| 
ae The acid dissociation of pK, = 6.8 then per- 
tains to the process 


H,0—O—O—O—OH: J] = [H:0—O—O—O—OH;] + H* 


Throughout the range below . 13, the ferroporphyrin is a dimer with the 


(2) 


| 
proposed formula | H.O—R—O—R—OH; |. Two reactions are postulated 


to occur in the neighborhood of pH 13 
‘| 
+ 40H- = 2HO—R—OH)- + 3H.0 (3) 
H 


: 
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for the ferroporphyrin, and 
{H:O—O—O—O—OH;] + 20H- = [HO—O—O—O—OHI]- + 2H,0 (4) 


for the ferriporphyrin. These reactions result in a net increase of one dis- 
sociated acid group per iron on the ferroporphyrin, giving, by Proposition 
XI, the change in slope from —0.06 to zero at pH 13, which is suggested 
by the available data. 

Confirmation of an acid dissociation of the ferriporphyrin near pH 13 
is afforded by the magnetometric studies of Davies’ on ferrimeso- and 
ferriprotoporphyrins. He found evidence for dissociation of both com- 
pounds in the pH range 12.5 to 13; the number of acid groups involved is 
not clear from his data. 


Five titrations of the iron porphyrin at pH 12.9 resulted in data which, 


on analysis by Propositions I, II, and XVI, give n = 1 and EE’, = O.Alll 
+ 0.0003 volt. Complete data for a typical titration are given in Table 
III. The importance of these data lies in the demonstration that results 
for this system can be reproduced to high precision despite potential drifts 
up to 0.5 mv. per minute at the extremes of the titration, by taking readings 
systematically at a constant interval after the addition of oxidant. In 
view of the dimeric formulation already proposed for this system, it should 
be emphasized that, although a 1-electron reaction by a monomeric system 
is suggested by the analysis, the results are also compatible with a dimer 
of such nature that no potentiometrically operative interaction occurs be- 
tween its components (Case 1 of Shack and Clark (10)). 

At all pH values less than 13, the titration results did not correspond 
with a 1- or a 2-electron reaction, and the less precise method of graphical 
analysis was substituted for Proposition XVI. Potential drifts at 50 per 
cent oxidation in these titrations increased from 0.15 mv. per minute at 
pH 13.8 to 0.45 mv. per minute at pH 1.6. Despite this difficulty in the 
measurements and the inaccuracy of the graphical analysis, duplicate values 
for E’, at pH 4.7 are within 2 mv. of one another. 

All of the titration curves in the region acid to pH 13 are symmetrical; 
by Proposition I,* no change in aggregation occurs on oxidation. Values 

5 Private communication. 

* Proposition I was stated for systems undergoing electron transfer without in- 
termediate steps. Michaelis and Schubert have shown (26) that titration curves for 
a stepwise 2-electron transfer without change in aggregation are also symmetrical. 
Their proof involved the substitution of the expression for the equilibrium constant 
for formation of the intermediate into the Nernst equation for the electron transfer. 
When a change in aggregation occurs, the Nernst equation gives curves which are no 
longer symmetrical about their mid-points, and one would expect that, in general, 
substitution of the equilibrium constant expression for the intermediate formation 
would not remove the asymmetry. 
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of AE, for these titrations are collected in Table IV. The elongation of 
the curves at low pH can be interpreted as the result of an interaction 


Tasie III 
Oxidative Titration of Iron DPE(SO;H)s 
Titration of the 0.000252 m complex in 0.1045 m KOH with 0.00400 » potassium 
ferricyanide. pH 12.9; ionic strength 0.195; temperature 25°; n = 1; d = —0.076 


y-d Oxidation 0.05912 log 32 | Ey 
per cent | | volt | volt 
0.07 | 4.86 | —0.07635 -0.4830  (-0. 4067)  (+0.0083) 
0.226 14.46 —0.04563  —0.4562 —0.4106  #+0.0004 
0.376 24.06 —0.02952  -0.4407  -0.4109 +0.0001 
0.526 33.65 —0.01742  -—0.4284  -0.4110 0.0000 
0.676 | 48.25 — 0.00699 —0.4181  -0.4111 —0.0001 
0.827 52.91 | +0.00299 —0.4081 —0.0001 
0.976 62.44 +0.01309 —0.3981 —0.4112  —0.0002 
1.126 72.04 | +0.02426 —0.3868 —0.4111 —0.0001 
1.278 | 81.76  +0.03851 —0.3726 —0.4111 —0.0001 
1.428 | 91.36 | +0.06058 —0.3523 (-—0. 4128) (—0.0018 ) 
1.576 100.8 
Average... | | -0.4110  —0.0001 
The figures in parentheses are excluded from the average. 
TaBLe IV 
Reaction Type in Titrations of Iron DPE(SO,H), 
Buffer pH | SEs 
| colt 
10.23 0.111 
Potassium hydroxide. ...................... 11.90 0.108 


* Note the irregularity in solutions containing phosphate ion. 
between parts of the dimer which causes an increased stability of the 


oxidation-reduction intermediate, Case 3 of Shack and Clark (10). The 
dilution test of Michaelis and Schubert (26) was not carried out to de- 


ed 
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termine whether the possible intermediate is a dimer (R—O) or a tetramer 
(R:-—O,). If a dimer, the intermediate formation constant, 
{R—O] 


can be evaluated by their Equation 31. At pH 13 it has the value 4, and 
it increases, as pH is lowered, to 10 at pH 3.6 (the maximum AE, was 
observed at the latter pH). 

The titration at pH 11.4 was carried out in an HPO,--PO,* buffer con- 
taining 0.023 m phosphate ion. As Fig. 2 shows, the value of £’» found 
in this solvent lies well above that expected at that pH. A similar specific 
buffer effect was reported by Barron (3); both he and Davies (5), who 
disputed his results, failed to give the concentration of phosphate in the 
buffer solution used. The PO ion alone must cause the deviation, since 
it is not observed in buffer of pH 6.8 containing H,PO, and HPO-;-. 
Interaction with PO," is too weak to affect potentials in the presence of 
pyridine or cyanide, as shown in Fig. 2. 

Titrations were repeated in many of the same buffers in the presence of 
potassium indigodisulfonate. The data generally fit a 1-electron titration 
curve, determined by the Reed and Berkson analysis after correction for 
the indigo titer, slightly better than the unmediated systems. This fit is 
best in the more oxidized region of the titration (where the potentials of 
the two systems overlap), but is obtained at the expense of a large positive 
d value, which discards points from the first 10 to 20 per cent of the titra- 
tion during the curve fitting. Since the porphyrin solution was the same 
as that used in the remaining titrations, which gave no indication of im- 
purity under conditions favoring more stable potentials, these results must 
be regarded with suspicion and are not reported here. Use of indigo as a 
mediator in the titration of iron protoporphyrin is reported by Shack and 
Clark (10). 

Tron DPE(SO;H), in 1.1 mu Pyridine—Titrations were carried out in 1.10 
M pyridine over the pH range 6 to 13. For pH < 9, the titration curves 
approximate that for a 1-electron reaction on analysis by Propositions I, 
II, and XVI. In most cases the AE, values (0.099 to 0.112 volt) are 
greater than the theoretical 0.102 volt; this deviation is assumed to be due 
to change of the rather high pyridine concentration (8.8 per cent by vol- 
ume) by dilution during the titration. For pH > 9, the titration curves 
are unsymmetrical and approach that for the half reaction given by Equa- 
tion 1. Values of AE, for these titrations varied from 0.084 to 0.091 volt. 

The mid-point potentials for all titrations in aqueous pyridine are plotted 
against pH in Fig. 2. Application of Propositions X and XI (extended to 
cover this case of change in aggregation) shows that, for the alkaline branch 


K = 


(5) 


— 


~ 
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of the curve, the pyridine ferriporphyrin species contains the equivalent 
of one more dissociated acid group per iron atom than the pyridine ferro- 
porphyrin. Below pH 8.8, the horizontal curve indicates that the two 
oxidation states are in the same degree of acid dissociation. The spectro- 
photometric data of Shack and Clark (10) on pyridine iron protoporphyrin 
below pH 9 showed that both species contain 2 pyridine molecules and are 
monomeric, giving by analogy [P—O—P]* and [P—R—P]. They con- 
cluded that their data at high pH show the addition of 2 pyridine molecules 
to a dimeric ferriprotoporphyrin in this region; the oxidized species by 
analogy is formulated as [P—O—O—O—P]. The dependence of EF’, on 
pH is due to loss of 2 protons from the bonding water molecule in the 
pyridine ferriporphyrin dimer, giving it the equivalent of two more ionized 
acid groups than 2 molecules of the monomeric pyridine ferroporphyrin. 
The intersection of the two branches of the E,-pH curve at pH 8.8 need 
not be interpreted as a pK,, but may result from the coordination of the 
dimer existing at high pH with additional pyridine to give 2 molecules of 
the monomeric pyridine ferriporphyrin (which contains no ionized acid 
groups). The proposed reaction in 1.1 mM pyridine at pH 8.8 then is 
2]3P—O—P]* + H:O = [P—O—O—O—P] + 2P + 2H* (6) 


Iron DPE(SO;H), in 0.02 u Cyanide—Under these conditions, poten- 
tials were completely stable to pH 13, and titration data analyzed by 
Propositions I, II, and XVI gave the FE, values plotted in Fig. 2. In 
all cases, n = 1. Complete data on a titration at pH 12.9 are given in 
Table V. 

A single solution at pH 14 was titrated in 0.02 M cyanide. An unsym- 
metrical curve with AE, = 0.092 volt and FE, averaging —0.091 volt was 
found on both oxidation and reduction. After addition of cyanide to 0.03 
au, the same solution gave a symmetrical titration curve which corresponded 
with the l-electron reaction with E, = —0.028 volt. The difference be- 
tween the mid-point potential for the titrations in 0.01 m alkali at ionic 
strength 0.20 and that for supplementary titrations in 0.01 m alkali at 
high ionic strength was used to correct the potentials to ionic strength 0.2. 
The mid-points of the unsymmetrical curves now lie at —0.125 volt, and 
of the symmetrical curve in 0.03 m cyanide at —0.067 volt, in good agree- 
ment with the values already reported in Fig. 2. It seems probable by 
analogy with the results for the pyridine system (which has a segment of 
—0.06 slope and unsymmetrical titration curves) that this single point 
also lies on a line of —0.06 volt per pH slope. The branches of the curve 
for titrations in cyanide then intersect at pH 13. Potential drifts in this 
solution at pH 14 were so severe that titrations in stronger alkali to confirm 
the trend in curve shape and potential were not attempted. Formulation 
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of the cyanide complexes like those of the pyridine system is also con- 
sistent with the spectrophotometric data of Shack and Clark (10), which 
do not go above pH 13, on the cyanide iron protoporphyrin system. Thus 
the proposed cyanide ferroporphyrin is [NC—-R—CN}-; the cyanide ferri- 
porphyrin is [(NC—O—CN)]- for pH < 13, and [NC—O—O—O—C\NF 


Taste V 
Oxidative Titration of Cyanide Iron DPE(SO,H), 
Titration of the 0.000210 « complex in 0.0197 m cyanide with 0.00400 m potassium 
ferricyanide. Solvent 0.1045 « KOH; pH 12.89; ionic strength 0.20; temperature 
25°;n = 1;d = +0.027 ml. 


y-4 Oxidation 0.05912 log 22 ea |. 
per cent roll | roll rolt 
0.123 —0.06513 —0.13326 (—0.06813) (+0.00089) 
0.223 13. —0.04806 —0.11665 (—0.06859) (+0.00043) 
0.373 22.29 — 0.03208 —0.10105 —0.0689F +0.00005 
0.473 28.27 —0.02388 0.00291  —0.06003 —0.00001 
0.573 34.25 —0.01673 —0.08569 — 0.06896 +0 .00006 
0.673 40.23 —0.01019 —0.07919 —0.06900 + 0.00002 
0.773 46.20 —0 .00390 —0.07294 —0. 06904 — 0.00002 
0.873 52.18 +0 . 00225 — 0.06675 — 0.06900 +0 00002 
1.023 61.15 +0.01169 —0.05747 —0.06916 —0.00014 
1.173 70.11 +0 .02189 —0.0714 —0.06903 —0. 00001 
1.323 79.08 +0 .03414 —0.03454 —0.06898 +0.00004 
1.472 87.98 +0.05110 0.01797  —0.06907 — 0.00005 
1.623 97.01 +0. 08960 +0.01740 (—0.07220) (—0.00318) 
Average.... —0.06902 —0. 00004 


The figures in parentheses are excluded from the average. 


for pH > 13. The transition proposed at pH 13 to account for these 
species is 
23NC—O—CN} + 20H- = [NC—O—O—O—CN]* + 2CN- + H,O (7) 
Tron DPE(SO;H), at Low Concentrations of Coordinating Bases—Appli- 
cation of Propositions II through IX, which vield information on the nature 
of the coordination between iron porphyrin and nitrogenous bases, re- 
quires a study of the change of potential of the system at constant ionic 
strength, pH, and degree of oxidation as the concentration of coordinating 
substance is varied. The results with pyridine and cyanide at pH 12.9 
are plotted in Fig. 3. Data for the complete curve between the limits of 
no coordination (£’o) and apparently complete coordination (£.) were ob- 
tained with cyanide. Potentials were more stable with pyridine, but did 
not approach a limiting value. Since measurements with the glass elec- 
trode showed a similar sudden change at the same concentration of pyri- 
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dine, the effect may be due to change in the nature of the solvent at the 
high pyridine concentrations used, rather than to the nature of the system 
under study. : 

For both coordinating substances, Ko > Kx» by Proposition III. With 
cyanide, g = r for the complexes in their monomeric final form, and log 
Ko/Kr = 5.95 by Proposition IV. 

Propositions V through IX were derived on the assumptions of no change 
in aggregation between reduced and oxidized forms of the iron-porphyrin, 
and no change in aggregation on formation of complexes with Brg@nsted 
bases. Data already presented prove these assumptions invalid. Fur- 


| 
/ 


log 

Fic. 3. Variation of potential at 50 per cent oxidation with the log of the concen- 
tration of coordinating base. Left curve, with cvanide; right curve, with pyridine. 
Small circles, points obtained by addition of increments of base; large circles, points 
obtained by complete titrations at constant base concentration. Solvent, 0.1045 u 
KOH; ionic strength 0.20; temperature 25°. Metalloporphyrin concentration 1.2 to 
23 X M. 


thermore, there are now available data which can be interpreted as evidence 
of the existence of intermediate oxidation states; these were also neglected 
in the original derivation. A general treatment including all of these possi- 
bilities is too difficult to carry through; analysis must await information 
on the specific species to be considered. 

Existence of Polymeric Units Larger Than Dimers—Shack and Clark (10) 
have discussed evidence that ferriprotoporphyrin exists in “micelles” of 
high, variable molecular weight. Changes in aggregation accompanying 
formation of these micelles were not operative potentiometrically, but were 
proposed on the basis of a time variation observed in the absorption spec- 
trum of solutions of the compound, and of high molecular weights (deter- 
mined by the diffusion method) which varied with the buffer ions of the 
solvent used for the measurements. 
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In the case of iron DPE(SO;H)>, the titration curves in the absence of 
Brgnsted bases are symmetrical for the range 1.6 < pH < 13. Thus, by 
Proposition I, there is no change in aggregation of the substance during the 
electron transfer process. If changes of aggregation beyond the dimer 
stage occur with variation in pH, they must be identical for both the 
oxidized and reduced species throughout this range, which seems improba- 
ble, or they must have no effect on potentials. 

No molecular weight determinations have been carried out on iron 
DPE(SO;H)., but there is indirect evidence that aggregation beyond the 
dimer occurs to a smaller extent than with iron protoporphyrin, or not at 
all. No variation with time occurs in the absorption spectrum of aqueous 
solutions of the ferriporphyrin. The solutions titrated were brilliantly 
clear and had little tendency to foam, in contrast with the turbidity and 
strong foaming observed in trial titrations of iron protoporphyrin. Finally, 
the titrations of iron DPE(SO;H). were carried out at concentrations less 
than one-hundredth that of the saturated solution; at such dilutions the 
tendency to form colloidal aggregates as a prelude to precipitation should 
be small. 

DISCUSSION 


The species which have been posiulated in solutions of iron DPE(SO,H), 
through this paper are collecied in Fig. 4. The explicit and tacit bases 
for the formulations are summarized below: 

1. Each species is formulated to fit the potentiometric evidence with 
respect to the number of monomeric iron porphyrin units and ionized acid 
groups in it. The potentiometric data for iron DPE(SO,H), differ con- 
siderably from those based on studies of other iron porphyrins. 

2. The potentiometric results yield information on the number of co- 
ordinated Brgnsted base groups only in the case of complexes in 0.02 m 
cyanide. However, this information for other cases is taken from the 
spectrophotometric data of Shack and Clark (10) on the analogous com- 
pounds of protoporphyrin. The substances [B—O—B] and [B—R—B} 
are assumed to exist at low pH, although no experimental evidence is 
available below pH 7.5, when the base is cyanide, and pH 6, when it is 
pyridine. 

3. In those cases in which porphyrin nitrogens, coordinated base, and 
dimer bonds do not bring the coordination number of the iron to 6, it is 
assumed that water molecules fill the remaining positions. Evidence for 
the existence of such coordination is reported by Corwin and Erdman (18), 
who found that coordination of water accelerates air oxidation of ferro- 
mesoporphyrin, and by Corwin and Reyes-Galvis (27), who found that 
the presence of water inhibits formation of the imidazole complex with 
ferriprotoporphyrin. 
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4. The postulates lead in some cases to 7-fold coordination in the iron 
porphyrin dimers. This unusual situation is avoided, and a specific formu- 
lation obtained, by considering the dimers linked through a water molecule 
between the iron atoms. No evidence has been presented here that the 
bond is actually of this type. 

5. Aggregates larger than dimers are not necessary to account for the 
data and are not considered. 

6. Charges due to the ionized sulfonic acid groups and to coordinated 
base groups B are neglected in all formulations. 

Some general proposals, consistent with the formulations already made, 
are possible on the nature of the coordination of iron porphyrin with the 
Bronsted bases pyridine, cyanide ion, and hydroxide ion. The potentio- 


pH 
Fic. 4. Summary of the species of iron porphyrin proposed for various parts of 
the pH range. The numbers at the arrow-heads refer to equations in the text which 
describe the transitions proposed for that pH. The transition represented by Equa- 
tions 6 and 7 occurs at a variable pH, dependent on the type and concentration of 
the base used. 


metric data, and spectrophotometric studies of related compounds already 
referred to, suggest that each of these substances at a concentration de- 


pendent upon the nature of the base splits the reductant dimer linkage, 
which is assumed to be through an un-ionized water molecule. 


+ 4B = 2]B—R—B] + 3H:0 (8) 

H 
The iin evidence indicates that coordination with the dimeric ferripor- 
phyrin, on the other hand, occurs in steps, [B—O—O—O—B] and 
[B—O—B] being formed in succession (the latter substance has not been 


observed when B is hydroxide ion, at the concentrations of this base 
studied). 


[H:O—O—O—O—OH;] + 2B = [B—O—O—O—B] + 2H:0 (9) 
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See also Equations 6 and 7. Since no region having a AE,/ApH slope of 
—0.03 is observed for any of the dimeric base ferriporphyrins, proton ad- 
H 


dition to give Re oF cannot occur at pH values greater than 
those at which [B—O—B] forms. One can infer that addition of the pro- 
ton causes splitting of the dimer by presenting a weakened, only partially 
ionized, dimer bond to the attack by base molecules. It does not cause 
splitting of the free iron porphyrin, [H,;O—O—O—O—OH,], because the 
concentration of the Brgnsted base OH— is too low at pH 6.7, at which the 
proton is added to this substance. 

Previous papers by Davies (5) and Shack and Clark (10) have proposed 
a direct competition between OH and pyridine or cyanide for coordina- 
tion positions on the iron. This proposal offers no difficulty in the case of 
cyanide, in which the monomers [NC—R—CN}* and [NC—O—CN}- ex- 
ist to pH 12 or 13. It does seem strange in the pyridine case, in which the 
—0.06 slope of Ey versus pH extends to pH 9; this requires that 10-° w 
OH— be capable of competition with 2 m pyridine! The difficulty of direct 
competition is removed by the formulations of Equations 6 and 7, since the 
effect of OH~ is now one of shifting an equilibrium by reaction with hydro- 
gen ions which participate directly in it. 

All of the species proposed contain two coordinated base groups. This 
is because, as a practical matter in carrying out potentiometric studies, the 
concentrations of base used are chosen to give stable pot« itials and are 
sufficiently high to suppress a possible intermediate stage in the addition. 
It is of course statistically probable, and Shack and Clark (10) and Keilin 
(25) have demonstrated for some cases, that base groups are added in a 
stepwise fashion. Study of these interesting cases can best be carried out 
spectrophotometrically. 


The author wishes to acknowledge his appreciation of the help of Dr. T. 
Harrison Davies, who suggested this research and whose interest and criti- 
cisms contributed so much to its completion. He is indebted to Dr. Eric 
G. Snyder for informative discussions on the chemistry of the porphyrins 
and for a supply of deuteroporphyrin dimethyl] ester. Mr. William Sas- 
chek performed the combustion analyses. 


SUMMARY 


1. Apparatus has been described for the preparation and storage of re- 
agents for routine use in oxidation-reduction titrations. 
2. The preparation and purification of 1,3 ,5,8-tetramethylporphyrin- 
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6,7-dipropionic acid methyl ester 2 ,4-disulfonic acid and the preparation 
of the iron complex of this porphyrin are described. 

3. Titrations of this material in aqueous buffers in the absence of coor- 
dinating nitrogenous bases give potentiometric evidence for the existence: 
of dimeric units of iron porphyrins in aqueous solution. This evidence is. 
of three forms: unsymmetrical titration curves, indicating a difference in 
degree of aggregation between ferro- and ferriporphyrin at pH 14; elongated 
titration curves due to an intermediate oxidation state below pH 12.9; an 
E'-pH slope of —0.03 volt below pH 6.8. 

4. The zero slope previously reported for £,-pH curves in the presence 
of cyanide is confirmed for all but strongly alkaline solutions. At pH 12.9 
in 0.02 m cyanide, the titration curve becomes unsymmetrical, and the 
titration mid-points probably assume a —0.06 volt per pH slope, indicating 
a change in aggregation of the system accompanying electron transfer. 

5. This pattern is repeated for titrations in 1.1 m pyridine with the dif- 
ference that the intersection of the zero and —0.06 volt per pH segments of 
the £.-pH curve occurs at pH 8.8. 

6. Curves for the addition of pyridine and cyanide to the iron porphyrin 
at constant per cent oxidation, ionic strength, and pH were determined, but 
have not been interpreted in terms of the complex equilibria involved. 

7. A formulation of the species of iron DPE(SO;H). existing in aqueous 
solution is proposed which is generally consistent with these potentiometric 
results and with earlier spectrophotometric data on other iron porphyrins. 
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PREPARATION AND MEASUREMENT OF THE PURITY OF 
THE PHOSPHATASE REAGENT, DISODIUM 
p-NITROPHENYL PHOSPHATE 


By OTTO A. BESSEY* ann RUTH H. LOVE* 
(From the Department of Biological Chemistry, University of Illinois College of 
Medicine, Chicago, Illinois) 
(Received for publication, November 23, 1951) 


A few years ago one of the authors (O. A. B.) and his colleagues de- 
scribed a relatively simple micromethod for the determination of alkaline 
phosphatase in serum (1). The method is based on the spectrophoto- 
metric measurement of the amount of p-nitrophenol (which absorbs light 
strongly at 400 my) liberated from p-nitropheny] phosphate under certain 
standard conditions and is simple and rapid to use, owing to the fact that 
one of the products of phosphatase activity can be measured directly. 
Because of this feature and the sensitivity of the method, it has found 
considerable use, especially in studies involving large numbers of deter- 
minations, such as dietary surveys. 

Neither a method of preparation nor a method for determining the 
purity of the substrate (disodium p-nitrophenyl] phosphate) was included 
in the original publication because the commercial availability of a satis- 
factory product was anticipated. Since a number of inquiries for a 
method of preparation continued to be received and since experience has 
shown the necessity for knowing the purity of the particular specimen in 
order to prepare properly the phosphatase reagents, there is presented 
below a simple and satisfactory method for the synthesis of the disodium 
salt of p-nitrophenyl] phosphate and for determining its purity. 


EXPERIMENTAL 
Materials— 
1. p-Nitrophenol, Eastman Kodak Company. Recrystallized from hot 
water and dried over P,O;. M.p. 114°. 
2. Phosphorus oxychloride, redistilled. 
3. Pyridine, dry. 
4. Spectrophotometer, Beckman. 


Procedure 


Preparation of Sodium Salt of p-Nitrophenyl Phosphate—Place 200 ml. 

of dry pyridine containing 30 ml. of POC); in a 1000 ml. two-neck flask, 

* Present address, Department of Biochemistry and Nutrition, University of 

Texas School of Medicine, Galveston, Texas. 
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fitted for stirring and with a 125 ml. separatory funnel. While cooling 
in an ice bath, add dropwise with stirring 100 ml. of dry pyridine con- 
taining 27.8 gm. of p-nitrophenol. After 30 minutes, pour the reaction 
mixture, with stirring, into 400 ml. of cold H,O. Bring the mixture to 
pH 7 or 8 with a sodium hydroxide solution (keeping the mixture cool). 
Remove the H,O and pyridine by vacuum distillation at a temperature 
not exceeding 60°. Extract the dry residue with 600, 300, and 200 ml. 
portions of boiling 87 per cent ethyl alcohol, filtering while hot. Upon 
cooling the filtrate, the desired product crystallizes. Filter and wash with 
cold 87 per cent alcohol, followed with absolute alcohol and ether. Upon 
drying in a desiccator, a product, light yellow in color, is obtained. The 
yield is 28 to 30 gm.; purity, 80 to 85 per cent. This product is satis- 
factory as a phosphatase reagent. HR recrystallization from boiling 87 
per cent alcohol and drying over P:Q,, an essentially pure product is 
obtained. Although the preparation es yellower with time, owing 
to the liberation of p-nitrophenol, the degree of purity is not greatly 
changed, and a satisfactory reagent can be prepared as previously de- 
scribed (1), after many months. Storage in an ice box is recommended. 

Determination of Purity—The degree of purity of disodium p-nitrophenyl 
phosphate is most conveniently determined spectrophotometrically by 
measuring the amount of p-nitrophenol liberated either by treatment with 
a potent phosphatase preparation (2) or by refluxing in 1 n HCl. 

Fig. 1 illustrates the hydrolysis of a 0.000033 m solution of disodium 
p-nitrophenyl phosphate by an alkaline phosphatase preparation and by 
1 ~ HCl. It will be noted that there is good agreement between the two 
methods and that essentially all of the substrate is hydrolyzed by the 
phosphatase. The molar extinction coefficient of p-nitrophenol is 17,500 
at 400 mu and pH 9 to 10 (1). It has been shown that p-nitrophenol is 
stable under the conditions used for the acid hydrolysis. 

A convenient and precise procedure for measuring the purity of the 
p-nitrophenyl phosphate previous to its use as a reagent is as follows: 
Weigh carefully about 20 mg. of the specimen and bring it into solution 
in | N HCI in a 100 ml. volumetric flask. Transfer 50 ml. of the solution 
to another flask and place it in a boiling water bath for 3 hours. Bring 
the heated solution to the 100 ml. mark with H,O and mix. Transfer 1 
ml. to a test-tube containing 9 ml. of 0.2 mM sodium tetraborate and meas- 
ure its optical density in a 10 mm. cuvette in a Beckman spectrophoto- 
meter at 400 my. After diluting 5 ml. of the unheated half of the original 
standard solution with an equal volume of H,0, dilute with 9 volumes of 
borate as above and measure the optical density. Divide the differences 
in optical density found for the heated and unheated solutions by 0.0332 
to find the mg. of disodium p-nitrophenyl phosphate in the weighed 
sample. 
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A more convenient, although less precise method for measuring p-nitro- 
COn- phenyl phosphate, which depends upon the change in light absorption 
tion with change in pH, has been found useful in following the synthesis and 


HYDROLYSIS BY LO N HCI 
8 020° *-* HYDROLYSIS BY ALKALINE 
a PHOSPHATASE 
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Fig. 1. Rate of hydrolysis of a 0.000033 m solution of disodium p-nitrophenyl 
de- phosphate by alkaline phosphatase and by 1 N HCI. 
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Fic. 2. Absorption spectra of p-nitrophenol and p-nitrophenyl] phosphate at pH 


2.28 and 9.18. 


purification of this compound step by step. It will be noted from Fig. 2 
that the molecular extinction coefficient (€) of p-nitrophenyl phosphate 
at 347 my shifts from 1.3 X 10° at pH 2.28 to 4.5 X 10° at pH 9.18, and 
that at this wave-length the light absorption of p-nitrophenol does not 
change with pH. This shift in absorption can, therefore, be used to meas- 
ure the approximate amount of p-nitrophenyl phosphate present in the 
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reaction mixture. Absorption measurements were made in 0.1 m glycine 
buffer, pH 2.28, and in 0.05 m borate buffer, pH 9.18. 


SUMMARY 
A simple method is described for the preparation of the disodium salt 
of p-nitrophenyl phosphate and for determining its suitability as a phos- 
phatase reagent in a method previously described. 
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RECOVERY IN HUMANS OF INTRAVENOUSLY INJECTED 
ISOTOPIC URIC ACID* 


By JAMES BUZARD,tt CHARLES BISHOP,{ ann JOHN H. TALBOTT 
(From the Department of Medicine and the Department of Biochemistry of the Buffalo 
General Hospital, and the University of Buffalo School of Medicine, 
Buffalo, New York) 


(Received for publication, October 1, 1951) 


It is presumed that uric acid is an end-product of human metabolism 
and, as such, is not further catabolized. This presumption is based largely 
upon indirect evidence such as the failure to demonstrate uricase in human 
tissues and the uncertain réle of allantoin in human metabolism. On 
the other hand, Folin presented evidence that uric acid intravenously 
injected into humans could not be quantitatively recovered (1). More 
recently Benedict et al., using N'*-labeled uric acid, estimated that only 
approximately 79 per cent of the uric acid “turned over” by the body each 
day was excreted in the urine. Furthermore, an appreciable concentra- 
tion of N'* from the injected uric acid was occasionally found in other 
“catabolic” fragments such as urea (2). Geren et al. (3), however, claimed 
nearly quantitative recovery of an intravenous dose of N"*-uric acid.! 
Because of the uncertainty associated with the usual colorimetric methods 
for uric acid determination, it was considered pertinent to determine the 
per cent recovery in the urine of intravenously injected isotopic uric acid 
with the isotope dilution procedure.’ 

* These studies were supported in part by a grant-in-aid from the American 
Cancer Society upon recommendation of the Committee on Growth of the National 
Research Council and by a grant from Mrs. Kathleen Stevens Chard. 

t Part of this work was submitted by James Buzard in partial fulfilment of the 
degree of Master in Biochemistry. 

{ Present address, Chronic Disease Research Institute, University of Buffalo, 
2183 Main Street, Buffalo 14, New York. 

‘In the same article these workers reported that, after the ingestion of a single 
dose of N"*-uric acid, only 27 per cent was recovered as urinary uric acid, while 47 
per cent of the dose was degraded to urea. (A personal communication from Dr. 
Brown states that, due to a confusion of uric acid with uric acid nitrogen, the re- 
covery figure of 27 per cent should have read 9 per cent.) Ingested uric acid is 
apparently metabolized differently than injected uric acid in the human. 

? The isotope dilution procedure employed here is essentially the method of Rit- 
tenberg and Foster (4). As originally proposed, the determination of an unknown 
amount of an unlabeled compound (X) was accomplished by the addition of a known 
amount of labeled compound (a) of known isotope concentration (C,) and the equat- 
ing of the amounts of isotope present in the two systems before and after the addi- 
tion; i.e.,aC. = (a + X)C,. 4x). If the unknown compound has an isotope concen- 
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In these experiments, uric acid labeled with N" in the 1 and 3 positions 
was synthesized by the method of Cavalieri e¢ al. (6). A neutralized 
solution of N'*-uric acid* was injected intravenously into healthy male 
subjects. Urine was collected quantitatively in appropriate periods* until 
the N'* concentration of the urinary uric acid had fallen below 0.010 atom 
per cent excess. Under the conditions of these studies, urinary uric acid 
containing less than 0.010 atom per cent excess N'® does not contribute 
significantly to the total recovery of N"* as uric acid nitrogen. A known 
amount of isotopic uric acid was added to an aliquot of each urine sample. 
Uric acid was isolated from both the original urine sample and the aliquot 
and analyzed for N'® concentration by the methods currently in use in this 
laboratory (7). The product of the amount of uric acid excreted and its 
N'® concentration in a period was taken as the amount of N" excreted 
during that period as urinary uric acid nitrogen. Urine was collected as 
stated above and the total amount of the N'® excreted in the urine as uric 
acid nitrogen in this time was then compared to the amount of N" in- 
jected as uric acid nitrogen in order to determine the per cent of the dose 
recovered as urinary uric acid nitrogen. 

The pool size and turn-over rate were also determined after each in- 
jection, and from these data the predicted daily excretion of uric acid was 
calculated. 


Results 


Subject J. D., a 26 year-old male, was intravenously injected with 100.0 
mg. of N'*-uric acid.(16 atom per cent excess). A pool of 1168 mg. of uric 
acid was calculated for this subject. This pool turned over at the rate of 
0.806 pool per day, or 942 mg. of uric acid were turned over daily. Sub- 


tration (Cy) other than zero, the equation becomes XCy + aC, = (a + X)Cig4 my, 
which can be solved for (X) if Cy, the isotope concentration of the original com- 
pound, is known. In these experiments, Cy was the isotope concentration of the 
urinary uric acid as determined in each urine sample. Analyses of standard solu- 
tions of uric acid in the range encountered in these studies demonstrated that the 
error was never more than 2 per cent of the amount actually present. An alternative 
method is that proposed by Berenbom, Sober, and White (5), in which known amounts 
of carrier are added to two separate aliquots of the unknown solution, the isotope 
concentrations of the added carriers being different. Under similar conditions, the 
errors encountered in this method were consistently somewhat greater than that 
cited above. 

? The uric acid to be injected was covered with absolute alcohol and the alcohol 
allowed to evaporate at 75°. Immediately prior to injection the uric acid was dis- 
solved in NaOH and adjusted to pH 7.4 with HCl. The resulting solution was iso- 
tonic and was shown to be bacteriologically sterile. 

‘ A typical collection scheme comprised four 6 hour periods, followed by four 12 
hour periods and then 24 hour collections for the remainder of the experimental 
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ject J. D. should, therefore, have excreted 942 mg. of uric acid each day 
if uric acid is truly an end-product of metabolism in the human. The 
mean daily excretion, as determined by the isotope dilution method, was, 
however, only 706 mg. or 74.5 per cent of the uric acid turned over daily. 
By the direct estimation described previously, this subject was found to 


TaBie I 


Isotope Dilution Data for Subject R. R. after Intravenous Injection of 50.0 Mg. of 
Uric Acid (0.1978 ma of N*) 


| acid added Resulting concen- Uric acid N 

compre | a Ca 

1 366.1) 144.8 (1.140 1.042 0.996 | 0.806 1.819 4.67 
2 | 420.4) 146.7 1.192 1.012 0.744 1.8038 5.17 
3 | 579.4 153.6 1.173 1.042 0.818 0.469 0.753 2.84 
4 | 486.3 158.0 1.150 1.042 0.800 0.386 0.673 2.07 
5 | 1177.3 167.7 1.206) 1.042 | 0.678 0.202 1.137 
6 | 381.6 127.5 1.278 1.042 O.548 0.191 1.7 5.29 
7 | 826.1) 185.5 1.332 1.042 0.499 | 0.122 1.918 8.55 
404.4 175.0 | 1.219 1.042 | 0.380 | 0.099 2.87 6.64 
9 | 1171.4 201.6 res 1.012 0.386 0.057 2.483 14.43 
10 | 1657.6 248.3 1.259 1.042 0.416 0.032 2.052 
| 1505.1 246.5 1.259 1.042 0.400 0.016 2.105 13.62 
12 | 1619.6 217.1 | 1.257) 1.042 0.467) 0.010 1.581 11.80 
13. | 1186.4 201.9 1.209 1.042 0.382 0.008 2.111 12.40 
14 | 987.7 200.0 1.204 1.042 0.339 0.008 2.519 12.44 


In order to determine the amount of uric acid in the aliquot (X) by the isotope 
dilution procedure, substitute the appropriate data in the following formula, (X) = 
(a(Ca — Cres x))/(Cras x) — Cy), which is obtained by equating the amount of 
labeled uric acid present in the system before and after the addition of the known 
amount of uric acid containing a known N* concentration. With Sample 8 as an 
example, X = (1.219(1.042 — 0.380))/(0.380 — 0.099) = 2.872 mm of uric acid N. 
This value X, when multiplied by the corresponding dilution factor, will give the 
amount of uric acid N in the total urine sample. 


have excreted 73.1 per cent of the injected dose by the time the N* con- 
centration of the urinary uric acid had reached 0.004 atom per cent excess 
on the 9th day. 

In a second experiment, Subject J. B., a 23 year-old male, received 100.0 
mg. of N'*-uric acid. He was found to have a pool of 1253 mg. of uric 
acid, which was replaced at the rate of 0.668 pool per day or 838 mg. of 
uric acid per day. The mean daily excretion of uric acid was only 592 
mg. or 70.7 per cent of the uric acid turned over daily. Direct estimation 
showed that 75.8 per cent of the initial dose of N'® was recovered in the 
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urinary uric acid. The urinary uric acid N** concentration reached 0,008 
atom per cent excess by the 9th day. 

Similarly, Subject R. R., a 26 year-old male, received 50.0 mg. of N“. 
uric acid. The pool size was determined to be 1072 mg. of uric acid, 
This pool was replaced at the rate of 0.714 pool per day or 766 mg. per 
day. He excreted 562 mg. of uric acid or 73.4 per cent of the amount of 
uric acid replaced daily. Direct estimation showed that only 78.1 per 


II 
Recovery of N'*-Uric Acid in Subject R. R. after Intravenous Injection of 50.0 Mg. of 
Isotopic Uric Acid (0.1978 mu of N**) 


Sample No. | Timeafter injection) Use Nin total | of Nu excreted 
days mM Glom per cent excess | mM 

1 0.249 4.67 0.806 0.0876 
2 0.500 5.17 0.547 0.0283 
3 0.725 2.84 0.469 0.0133 
4 0.979 2.07 0.386 0.0080 
5 1.480 7.98 0.292 | 0.0233 
6 2.001 5.29 0.191 0.0101 
7 2.532 8.55 0.122 (0.0104 
8 2.998 6.64 0.099 0.0066 
9 4.003 14.43 | 0.057 ©0082 
1 5.000 13.70 | 0.0832 | 0.0044 
11 6.000 | 13.62 | 0.016 
12 «6.993 11.80 | 0.010 0.0012 
13 | 7.000 12.40 | 0.004 | 0.0005 
14 | 7.944 12.44 0.003 | 0.0004 

| 0.1545 


cent of this dose was recovered as urinary uric acid. The urinary uric 
acid had reached 0.004 atom per cent excess N™ by the 13th day. 

After a time interval sufficiently long to insure that no N™ remained 
from the first injection, these subjects were reinvestigated. Subject J. D. 
received 25.0 mg. of N"-uric acid. From a pool of 1399 mg. of uric acid, 
replaced at the rate of 0.792 pool per day, it was predicted that this sub- 
ject should have excreted 1108 mg. of uric acid per day. The mean daily 
excretion was, however, only 672 mg. of uric acid or 60.6 per cent of this 
predicted excretion. Of the original dose, only 67.7 per cent of the N* 
appeared as urinary uric acid nitrogen, as determined by direct calculation. 
The urinary uric acid N" concentration had fallen to 0.004 atom per cent 
excess by the 6th day. 

An injection of 25.0 mg. of N'-uric acid showed Subject J. B. to have a 
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pool of 1587 mg. of uric acid which was replaced at the rate of 0.621 pool 
per day or 985 mg. per day. This subject excreted only 617 mg. or 62.7 
per cent of the uric acid turned over daily. By direct estimation it was 
shown that only 70.6 per cent of the original dose was excreted in the urine 
as uric acid nitrogen. The urinary uric acid N'* concentration reached 
0.005 atom per cent excess by the 7th day. 
After an injection of 25.0 mg. of N"*-uric acid, Subject R. R. was found 
to have a pool of 1211 mg. of uric acid, which was replaced at the rate of 
0.660 pool per day or 798 mg. per day. The mean daily excretion of uric 
acid was 618 mg. or 77.3 per cent of this replaced uric acid. By direct 
calculation of the amount of N"* excreted, it was shown that he had ex- 
Taste III 


Comparison of Direct and Indirect Methods of Estimating Recovery of Intravenously 
Injected Isotopic Uric Acid 


Per cent 
turnover Per cent dose 
pres Turn-over Turnover excreted® excreted 
| 100 (4d) estimation 
| 


per day | mg. per day 


792 
-621 985 617 
660 798 618 


* Per cent of the calculated daily renewal of the body pool excreted, on the aver- 
age, per day. 


creted 94.3 per cent of the original dose as urinary uric acid nitrogen by 
the time the N"* concentration had reached 0.005 atom per cent excess on 
the 7th day. 

The data representative of these experiments (the data from the in- 
jection of Subject R. R. with 50.0 mg. of N"*-uric acid) are presented in 
Tables I and II. The results of these six studies are summarized in Table 


It has been shown in five of the six experiments presented here that, 
under the conditions of this investigation, intravenously injected isotopic 
uric acid is not quantitatively recovered as urinary uric acid. The per 
cent of the dose recovered agrees well with the recovery estimated from 
the pool size, turn-over rate, and mean daily excretion, and indicates that, 
in general, only 60 to 75 per cent of the uric acid replaced daily in the 


Subject 

J.D........| 100.0 | 1168 | 0.806 42 | 74.5 | 
J.B.........| 100.0 | 1253 | 0.668 838 70.7 | 
R.R........, 50.0 1072 | 0.714 766 | 73.4 | 
J.D........| 25.0 | 1399 | 0 «60.6 
J.B.......... 25.0 | 1587 | 0 62.7 
R.R........| 25.0 | 1211 | 0 7.3 

DISCUSSION 
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body pool is excreted in the urine. The one instance in which there js 
disagreement between the calculated and the actual recovery of the in- 
jected dose is reminiscent of the nearly quantitative recovery reported 
by Geren et al. (3). The remaining experiments, which are in agreement, 
suggest that uric acid may not be the sole end-product of purine metabo- 
lism in the human. 

Since the urine is not the only excretory route of the body, it is possible 
that some uric acid may be disposed of by other routes. The feces were 
not examined for N'-uric acid in these studies since it is assumed that 
little if any uric acid is present in the feces (1). Because of the fact that 
Benedict et al. (2) found N" fragments after the injection of N*-uric acid, 
it seems more probable that some uric acid is catabolized. The inter- 
mediates in such a process require elucidation. 


SUMMARY 


Three normal, healthy male individuals received intravenous injections 
of isotopic uric acid on two separate occasions. The mean daily excretion 
of uric acid, as determined by the isotope dilution method, was found to 
be only 60 to 75 per cent of the predicted excretion as calculated from the 
pool size and turn-over rate. In all but one instance, the total excretion 
of N**-uric acid in the urine accounted for only 68 to 77 per cent of the 
injected dose of N'*-uric acid. These findings, together with those which 
report N'® fragments (urea) after the injection of N'*-uric acid, suggest 
that uric acid may not be the sole end-product of purine metabolism in 
the human. 
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ISOLATION OF 3-HYDROXYANTHRANILIC ACID FROM PATH- 
OLOGICAL HUMAN URINE AFTER ADMINISTRATION OF 
L- TRYPTOPHAN 


By LUIGI MUSAJO, ALBERTO SPADA, axnp DINO COPPINI 
(From the Istituto di Chimica Farmaceutica, Universita di Padova, Padova, Italy) 


(Received for publication, September 13, 1951) 


Kotake and Sakata have reported that the ingestion of 3 gm. of tryp- 
tophan or 1 gm. of kynurenine by a human subject resulted in an increase 
in the “‘diazo reaction” (red color with alkaline diazobenzenesulfonic acid) 
in the urine (1). The urine of a patient with pulmonary tuberculosis 
showed a strong increase in this reaction after ingestion of 2 gm. of tryp- 
tophan. More recently, Japanese authors have reported (2) that, of nine- 
teen patients with pulmonary tuberculosis to whom 0.5 gm. of tryptophan 
was fed, five excreted kynurenine; this was not observed with normal sub- 
jects who were fed 3 gm. of tryptophan. The diazo reaction, not given 
by kynurenine, is clearly given by xanthurenic acid, the metabolic product 
of tryptophan discovered by one of us (Musajo), and by urine containing 
it. In view of this, Chiancone (3) in 1935 gave a young man suffering 
from bilateral tuberculosis 3 gm. of L-tryptophan in a single dose, and to 
another young man he gave 1.5 gm. of t-kynurenine, but no xanthurenic 
acid was found in the urines by methods at our disposal at that time. 

We have restudied the problem of the interpretation of the diazo re- 
action in the urines of patients with pulmonary tuberculosis in the light 
of new information which has appeared concerning the biological trans- 
formations of tryptophan. Among these products of metabolism are 3- 
hydroxyanthranilic acid and 3-hydroxykynurenine (4), both of which give 
the diazo reaction. 3-Hydroxyanthranilic acid is believed to be derived 
from tryptophan through kynurenine and 3-hydroxykynurenine. By iso- 
lation of 3-hydroxyanthranilic acid as the methyl ester and comparison 
with the synthetic product, we have been able to show its presence in the 


urine of a patient with bilateral pulmonary tuberculosis who had ingested 


5 gm. of L-tryptophan. From the urines of two other patients, to whom 
L-tryptophan (100 mg. per kilo) was administered, we were not able to 
isolate 3-hydroxyanthranilic acid. It is to be noted that the disease was 
less severe in these last two patients. 


EXPERIMENTAL 


Synthesis of Methyl Ester of 3-Hydroxyanthranilic Acid—300 mg. of 3- 
hydroxyanthranilic acid (5) are dissolved in 7 ml. of absolute methanol 
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and the solution is boiled for 2 hours under a reflux condenser while a stream 
of dry hydrogen chloride is bubbled through the boiling liquid. The mix. 
ture is allowed to stand for 12 hours in a stoppered flask and the alcohol 
is then removed by vacuum distillation. The residue is dissolved in water 
and a solution of sodium acetate is added. The solid which separates is 
filtered off, washed, and dried in vacuo. After crystallization from meth- 
anol, the product is distilled under reduced pressure. Distillation takes 
place at 125° (air bath, 0.01 mm.) but the greater part of the distillate is 
collected at 130-150° as little drops, perfectly colorless, that crystallize 
on cooling. After recrystallization from a mixture of equal parts of ligroin 
and petroleum ether, small white crystals which melted at 93° were ob- 
tained. The ester is sparingly soluble in hot petroleum ether, more soluble 
in ligroin, very soluble in ethyl ether. 


C;H,O,N. Calculated. C 57.45, H 5.43, N 8.38, —OCH, 18.56 
Found. “ 57.38, * 5.40, “* 8.42, “ 18.73 


Isolation from Urine of 3-Hydroxyanthranilic Acid As Its Methyl Ester— 
A patient (50 kilos in weight) at the University Clinic of Modena, suffering 
from bilateral pulmonary tuberculosis, was given 5 gm. of tryptophan (100 
mg. per kilo). The urine collected in the 24 hours following the admin- 
istration was analyzed by the method of Musajo and Coppini (6) and found 
to contain 115.9 y of xanthurenic acid and 75.3 y of kynurenic acid per ml. 

These urines were acidified to Congo red with sulfuric acid, allowed to 
stand for 24 hours, filtered, and the filtrate treated with a solution of 
mercuric sulfate (Hopkins reagent) until the precipitation was complete. 
After 24 hours the precipitate was collected and suspended in 3 per cent 
sulfuric acid and decomposed with hydrogen sulfide. After the solution 
was separated from the mercuric sulfide, it was concentrated in vacuo to 
about 50 ml. and added to 4 volumes of 95 per cent ethanol. Kynurenine 
sulfate, if present, crystallizes, but we did not obtain any product. The 
alcohol was removed by vacuum distillation, the sulfuric acid was pre- 
cipitated with barium hydroxide, and the slight excess of barium with 
carbon dioxide. The solution was made weakly acid with a few drops 
of sulfuric acid. It did not give the color reactions of kynurenine and 3- 
hydroxykynurenine, nor did it contain xanthurenic acid but it did give a 
strong positive diazo reaction. 

The solution was then concentrated in vacuo in a current of carbon 
dioxide to a very small volume and added again to ethanol. A mineral 
substance separated and the diazo reaction was positive in the filtrate. 
From the filtrate, the alcohol was removed and the small quantities of 
sulfuric acid by means of the calculated amounts of barium hydroxide. 
The filtrate was evaporated on a water bath to complete dryness in vacuo 
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in an atmosphere of nitrogen. A resinous brown residue was obtained 
which was treated with 7 ml. of absolute methanol and then esterified by 
refluxing it with gaseous hydrochloric acid for 2 hours. After the mixture 
was allowed to stand for 12 hours, it was distilled in vacuo in a current of 
nitrogen until the solvent was completely removed. 

The brown residue was taken up with water and the solution was added 
to a concentrated solution of sodium acetate. A dark brown precipitate 
was obtained which, after standing, was filtered off and dried. The mother 
liquors were extracted several times with ether. The ether extract was 
evaporated and the dried residue was combined with the filtered product 
and distilled under reduced pressure. We obtained between 130—150° 
(0.01 mm. pressure) a colorless drop which, after distillation twice at the 
same reduced pressure, gave, upon cooling, a substance that recrystallized 
from petroleum ether under pressure. We were able to collect about 20 
mg. of small white crystals (m.p. 93°). The melting point of a mixture 
of this material and the synthetic methyl ester of 3-hydroxyanthranilic 
acid was unchanged at 93°. The analysis gave values which are essentially 
in agreement with the theoretical. 


CsH,O,N. Calculated. C 57.45, H 5.43, —OCH; 18.56 
Found. ** 57.28, 5.58, 18.09 


Excretion of 3-Hydroxyanthranilic Acid—By means of paper chroma- 
tography with the subsequent detection of the various products of tryp- 
tophan metabolism by their characteristic fluorescence in ultraviolet light, 
we have examined the urines of both healthy and tuberculous subjects on 
normal diets. We have observed that the urines of the healthy subjects 
generally contained very small quantities of 3-hydroxyanthranilic acid, 
while in eleven of the thirteen urines of patients afflicted by pulmonary 
tuberculosis an elimination of 3-hydroxyanthranilic acid in definitely higher 
quantities could be demonstrated. This observation is preliminary be- 
cause we intend to carry out further quantitative studies. 


We should like to thank Miss Mariagiovanna Uderzo for her diligent 
assistance. 
SUMMARY 


From the urine of a patient suffering from bilateral pulmonary tuber- 
culosis, who had ingested 5 gm. of L-tryptophan, we have isolated a few 
mg. of 3-hydroxyanthranilic acid, which was identified by analysis of the 
methyl ester and by comparison of this ester with an authentic sample 
of the synthetic substance. Repetition of this experiment with two other 
patients suffering from a less severe form of tuberculosis did not result in 
the isolation of 3-hydroxyanthranilic acid. 
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It is the opinion of the authors that the result is related to the fact that 
the administration of L-tryptophan produces an increase of substances 
which give the diazo reaction in the urines of patients with pulmonary 
tuberculosis. 

We have studied, by means of paper chromatography, the elimination of 
3-hydroxyanthranilic acid and have found that normal urines usually con- 
tain very small quantities of this substance, while, in the urines of patients 
with pulmonary tuberculosis (eleven out of thirteen cases examined), this 
acid is present in definitely larger amounts. 
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(From the Agricultural Experiment Station and the School of Nutrition, Cornell 
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In 1948 Sauberlich and Baumann (1) reported that Leuconostoc citro- 
vorum, ATCC 8081, required an unidentified factor for normal growth. 
This factor has since been found to be a metabolically active derivative of 
folic acid (2). 7 

A number of different investigators have shown that much of the folic 
acid occurring in nature exists in conjugated form combined with glutamic 
acid. Hutchings ef al. (3) have shown the existence in a fermentation 
product of a diglutamyl conjugate of folic acid, while Pfiffner ef al. (4) 
demonstrated that much of the folic acid in yeast is present as the hexa- 
glutamyl conjugate. Bird et al. (5) showed that hog kidney contains an 
enzyme capable of releasing folic acid from its conjugate. 

The purpose of this report is to present evidence that the citrovorum 
factor (CF) also occurs in bound form in dried brewers’ yeast and can be 
released by an enzyme present in hog kidney. The results presented here 
indicate that the hog kidney enzyme which releases CF from its conjugates 
is strikingly similar, if not identical, to folic acid conjugase. 


EXPERIMENTAL 


Preparation of Substrate and Enzyme Solutions—5 gm. of dried brewers’ 
yeast were steamed in an autoclave in 100 ml. of distilled water for 30 
minutes. The solid material was removed by centrifugation at 3000 r.p.m. 
for 10 minutes. The supernatant liquid was used as a source of the sub- 
strate. The preparation of the hog kidney enzyme solution has been 
described in an earlier report (6). 

Incubation Procedure—To flasks containing yeast extract equivalent to 
25 mg. of dried brewers’ yeast was added, unless otherwise specified, an 
amount of enzyme equivalent to 2 mg. of hog kidney. Other materials, 
if any, were then added and the volume made up to 50 ml. with 0.06 m 


* This work was aided by grants to Cornell University by the Cerophy! Labora- 
tories, Inc., Kansas City, Missouri, and by the Nutrition Foundation, Inc., New 
York. The work was conducted in the Nutrition Laboratories of the Department 
of Poultry Husbandry. 

t Present address, Department of Agricultural Chemistry, University of Ne- 
braska, Lincoln, Nebraska. 
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acetate buffer, pH 4.5. The mixtures were incubated under toluene at 
40° overnight and then steamed 5 minutes to inactivate the enzyme and 
to remove the toluene. The material in the incubation flasks was assayed 
directly without further dilution. 

Determination of Citrovorum Factor—L. citrovorum 8081 was used to meas- 
ure CF activity. The organism was maintained in an agar medium as 
described by Peeler et al. (7) for use with Lactobacillus leichmannii. The 
inoculum tube was also made up as described by Peeler et al. (7). In 
order to insure viability of the organism, it was transferred every 2 weeks 
from the agar stab to an inoculum tube, grown for 24 hours at 37°, and 
transferred back to a tube of freshly prepared solid medium. This agar 
stab was grown at 37° for 24 hours and then refrigerated. The medium 
used was that developed by Luckey, Briggs, and Elvehjem (8) as modified 
by Daniel et al. (9) for the determination of folic acid with Streptococcus 
faecalis. Since the use of enzymatically digested casein resulted in maxi- 
mum growth in the blank tubes, acid-hydrolyzed casein was used as the 
source of nitrogen. The assay period was 18 hours. The growth of the 
organism was determined turbidimetrically. A purified CF concentrate 
containing 2 X 10* units per mg. was used as the standard.' 

Enzymatic Release of Citrovorum Factor from Yeast Extract—In order to 
determine whether CF exists in combined form in yeast, enzyme solution 
equivalent to 15 mg. of hog kidney was incubated with an amount of sub- 
strate equivalent to 25 mg. of dried brewers’ yeast. Appropriate blanks 
were run to determine the CF content of the hog kidney alone. 

The kidney extract was found to contain negligible amounts of CF. The 
yeast extract contained 1200 units per gm. before incubation. After incu- 
bation with hog kidney it was found to contain 3700 units per gm. This 
3-fold increase in CF content of the yeast extract after incubation with 
hog kidney indicates that a large part of the CF in yeast occurs in bound 
form which can be enzymatically released by hog kidney. 

Effect of Reducing Agenis—It was found earlier (6) that the folic acid 
conjugase of hog kidney is activated by cysteine and hydrogen sulfide but 
not by other reducing agents. In order to determine the effect of these 
and other reducing agents on the CF-liberating enzyme of hog kidney and 
to obtain evidence concerning the possible identity of this enzyme with 
folic acid conjugase of hog kidney, the equivalent of 2 mg. of hog kidney 
and 25 mg. of dried brewers’ yeast were incubated in the presence and 
absence of various reducing agents. The results presented in Table I indi- 
cate that the CF-liberating enzyme, like folic acid conjugase of hog kidney, 
is activated by cysteine and, to a lesser extent, by hydrogen sulfide. Other 
reducing agents were without effect. 

1 Kindly supplied by Dr. T. H. Jukes, Lederle Laboratories Division, American 
Cyanamid Company, Pearl River, New York. 
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Further Studies on Activating Effect of Cysteine and Hydrogen Sulfide— 
Fromageot ef al. (10) have reported the existence of an enzyme, cysteine 
desulfhydrase, which releases hydrogen sulfide from cysteine but not from 
glutathione. Lawrence and Smythe (11) presented evidence that cysteine 
desulfhydrase is inhibited competitively by sodium thioglycolate. Hill and 
Scott (6) showed that the activation of hog kidney folic acid conjugase by 
eysteine is inhibited competitively by sodium thioglycolate. From these 


Taste I 
Effect of Reducing Agents on Enzymatic Release of CF 


Reducing agents, 0.063 u | CF units per gm. yeast 
300 
Taste II 
Effect of Sodium Thioglycolate on Activation of CF-Liberating Enzyme by Cysteine 
CF liberated, units per gm. yeast 
Cysteine a 
No sodium thioglycolate _- 25 mg. sodium thioglycolate 
0 1,300 1,300 
0.004 8,000 7,700 
0.008 12,300 7,200 
0.017 ! 15,300 
0.034 | 11,000 


results it was concluded that cysteine desulfhydrase is concerned in the 
activation of kidney conjugase by cysteine. 

In order to determine whether cysteine desulfhydrase is also involved in 
the activation of CF-liberating enzyme of hog kidney, various levels of 
cysteine and sodium thioglycolate were added to the incubation mixtures. 
The results are presented in Table II. Since a much higher concentration 
of cysteine was required to activate the enzyme in the presence of sodium 
thioglycolate than in its absence, these results indicate that sodium thio- 
glycolate is competitively inhibitory to the activation of CF-liberating en- 
zyme by cysteine. The activation of the CF-liberating enzyme by cys- 
teine, therefore, as in the case of the activation of folic acid conjugase of 
hog kidney, appears to be related to the activity of cysteine desulfhydrase. 

Effect of Sodium Thioglycolate on Enzymatic Activation by Hydrogen Sul- 
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fide—If the only action of cysteine desulfhydrase is to split hydrogen sulfide 
from cysteine, sodium thioglycolate should be without effect upon the acti- 
vating influence of hydrogen sulfide on the CF-liberating enzyme. A study 
was conducted to determine whether or not this is the case. Various levels 
of hydrogen sulfide were added with and without sodium thioglycolate in 
the incubation mixtures. The results are presented in Table III. Al- 
though hydrogen sulfide activated the CF-liberating enzyme to some extent 
in the presence of sodium thioglycolate, hydrogen sulfide was much less 
effective in this respect than was cysteine. Thus the evidence indicates 
that cysteine desulfhydrase may be involved in the activation of the CF- 
liberating enzyme by cysteine. However, hydrogen sulfide, one product of 
the desulfhydration of cysteine, is not the primary activator. 


Tasie Ill 
Effect of Sodium Thioglycolate on Activation of CF -Liberating Enzyme by HS 


CF liberated, units per gm. yeast 


No sodium thioglycolate 25 mg. sodium thioglycolate 

0 3,300 3700 
0.0034 5,600 3600 
0.0065 12,200 5600 
0.017 10,500 6600 
0.025 9,400 5600 


DISCUSSION 


The results presented in this report and those presented earlier (6) indi- 
cate many similarities between folic acid conjugase and the CF-liberating 
enzyme of hog kidney. Both enzymes are activated by cysteine and hy- 
drogen sulfide but not by other reducing agents. The evidence indicates 
that cysteine desulfhydrase is involved in the activation of both enzymes. 
Hydrogen sulfide, one product of the desulfhydration of cysteine, is not 
the primary activator of either enzyme. The activating influence of cys- 
teine and hydrogen sulfide on the CF-liberating enzyme can be explained 
by the scheme presented earlier (6) to explain the activating influence 
of cysteine upon folic acid conjugase of hog kidney. According to this 
scheme, added hydrogen sulfide may tend to form cysteine which in turn 
may transfer an active sulfhydryl group either to the inactive CF-liberat- 
ing enzyme or to inactive folic acid conjugase, thereby activating these 


enzymes. 

In view of the many similarities between folic acid conjugase and the 
CF-liberating enzyme of hog kidney, it is quite possible that these enzymes 
are identical. 
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SUMMARY 


1. Dried brewers’ yeast contains the citrovorum factor, largely in bound 
form. 
2. Bound CF can be released by a hog kidney extract known to contain 
folic acid conjugase. 

3. The evidence presented indicates that folic acid conjugase and the 
CF-liberating enzyme of hog kidney are strikingly similar if not identical. 
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In a recent report from this laboratory (1) results were presented show- 
ing that dried brewers’ yeast contains a citrovorum factor (CF) largely in 
bound form, and that this bound CF can be released by an enzyme in hog 
kidney which is strikingly similar, if not identical, to hog kidney folic acid 
conjugase. These results showed further that the CF-liberating enzyme of 
hog kidney, under the conditions used, was activated by cysteine and to a 
lesser extent by hydrogen sulfide, but not by ascorbic acid or other reducing 
agents. 

However, when the experiments were extended to a study of the CF- 
liberating enzymes of chick liver, it was found that these livers contained 
a relatively high level of CF in bound form and that ascorbic acid acted 
as an activator of the CF-liberating enzyme in chick liver. 

Nichol and Welch (2) reported an increase in CF upon incubation of 
folic acid and ascorbic acid in the presence of rat liver slices. These results 
have been interpreted to indicate that ascorbic acid aids in the conversion 
of folic acid to CF. Dietrich, Monson, and Elvehjem (3) also obtained 
results which have been taken to indicate that vitamin Bj: and ascorbic 
acid are concerned in the conversion of folic acid to CF in chick liver. 

It is the purpose of this report to show that the major effect of ascorbic 
acid when incubated with chick livers is to aid in the release of CF from a 
bound form in the liver rather than to aid in conversion of folic acid to CF. 


EXPERIMENTAL 


Single comb white Leghorn chicks of mixed sex, the progeny of hens fed 
an all-plant ration, were used in these studies. The chicks were housed in 
heated batteries with raised wire floors. Feed and. water were supplied 
ad libitum. The chicks were wing-banded and placed on the experimental 
diet at 1 day of age. The diet consisted of crude casein 20, corn-starch 

* This work was aided by grants to Cornell University by the Cerophyl Labora- 
tories, Inc., Kansas City, Missouri, and the Nutrition Foundation, Inc., New York. 
The work was conducted in the Nutrition Laboratories of the Department of Poul- 
try Husbandry. 

t Present address, Department of Agricultural Chemistry, University of Ne- 
braska, Lincoln, Nebraska. 
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64, gelatin 5, cellophane 3, hydrogenated vegetable fat (Primex) 2.5, KC] 
0.6, dicalcium phosphate 0.5, NaCl 0.5, MgSO, 0.25, methionine 0.3. All 
the known vitamins and required trace minerals were added in adequate 
amounts, including 2 y of vitamin Bz and 100 ¥ of folic acid per 100 gm. 
of diet. 

The chicks were sacrificed at about 4 weeks of age and the livers were 
removed for use in the incubation studies. In order to insure adequate 
amounts of vitamin B,; in the livers, the chicks were given 20 y of vitamin 
B,2 by pipette 15 hours before they were killed. 

Citrovorum factor activity was measured with Leuconostoc citrovorum, 
ATCC 8081, with the basal medium and techniques described earlier (1). 
Leucovorin' was used as the standard. 


RESULTS AND DISCUSSION 


Bound Citrovorum Factor in Chick Liver—In order to ascertain whether 
CF occurred in the conjugated form in chick liver, a sample of chick liver 
was incubated with a preparation of hog kidney enzyme solution which 
was known to release CF from its conjugated form in yeast. 

The chick liver sample was prepared by steaming a portion of the liver 
for 30 minutes immediately upon removal of the liver from the chick. The 
liver was then homogenized in distilled water in a Waring blendor. The 
solid material was removed by centrifugation at 3000 r.p.m. and the super- 
natant liquid used as the substrate in the test for conjugated CF. The 
hog kidney enzyme solution was prepared by the method of Hill and Scott 
(1) from kidhey obtained from a freshly slaughtered hog. 

The equivalent of 10 mg. of liver was incubated with the equivalent of 
25 mg. of hog kidney. The incubation was carried out in 50 ml. acetate 
buffer, pH 4.5. 

The results of this study, presented in Table I, show that a manyfold 
increase in the free CF content of chick liver occurred, indicating that the 
CF of chick liver, as the CF of dried brewers’ veast, exists largely in con- 
jugated form. 

Effect of Ascorbic Acid upon Citrovorum Factor Content of Chick Liver 
Incubation Mixtures—In view of the findings by Nichol and Welch (2) and 
Dietrich ef al. (3) that more CF appears when liver is incubated with as- 
corbic acid than is measured when the liver is incubated alone, an experi- 
ment was conducted to determine whether or not added ascorbic acid would 
cause an increased release of CF from the chick livers in use here. The 
results of several incubation studies showed that, whereas the CF content 
of the liver when incubated alone was very low, a marked increase in CF 


1 Kindly supplied by Dr. E. L. R. Stokstad of the Lederle Laboratories Division, 
American Cyanamid Company, Pearl River, New York. 
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occurred when 10 mg. of the liver were incubated in the presence of 50 mg. 
of ascorbic acid at pH 7.0. When ascorbic acid was incubated with the 
liver, the levels of CF were of the same magnitude as those produced pre- 
viously by incubation of chick liver with hog kidney. 

On the other hand, when the liver was steamed for 30 minutes before the 
incubation was carried out, much less CF appeared, whether or not ascor- 
bic acid was added. These results indicate that an enzyme, largely inacti- 
vated by steaming, is involved in increasing the CF content of chick liver 
when ascorbic acid is added. 

Citrovorum Factor-Liberating Enzyme in Chick Liver—In order to obtain 
proof that the liver contained a CF-liberating enzyme, the liver enzyme 
preparation was incubated with a yeast extract known to contain conju- 
gated CF. The yeast extract was prepared by steaming 5 gm. of dried 
brewers’ yeast for 30 minutes in 100 ml. of distilled water. The solid 
material was then centrifuged at 3000 r.p.m. The clear supernatant liquid 


Taste I 
Release of CF from Liver 
Incubation mixture | CF per gm. liver 
mugm. 
Chick liver substrate (steamed), 10 mg................... 200 
‘* steamed liver substrate.......... 6600 


was diluted and used as the source of the substrate. The liver and liver 
plus yeast extract were also incubated in the presence of ascorbic acid to 
determine whether or not ascorbic acid would be effective in increasing the 
release of CF from yeast by chick liver enzyme. The incubation was car- 
ried out in phosphate buffer, pH 7.0. The results of this study presented 
in Table II show that the yeast extract used in this experiment contained 
no free CF when assayed alone but contained an appreciable amount of CF 
after incubation with chick liver, especially in the presence of ascorbic acid. 

Failure of Folic Acid to Increase Citrovorum Factor in Chick Liver—It 
appears from the above results that chick liver contains a CF-liberating 
enzyme which is activated by ascorbic acid. However, the possibility ex- 
ists that the increase in free CF obtained upon the addition of ascorbic 
acid to the liver incubation mixture was due to the conversion to CF of 
folic acid present in the liver or in the yeast. An experiment was con- 
ducted, therefore, to determine whether or not folic acid is converted to 
CF by chick liver under the conditions of these experiments. In this study 
fresh chick liver was cut in two immediately upon removal from the chick. 
Half of the liver was dropped into boiling water and heated for 5 minutes. 
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This portion was then made up as a source of substrate as previously de- 
scribed. The other half of the liver was prepared as a source of the enzyme. 

The equivalent of 10 mg. of the liver enzyme was incubated alone and 
with the equivalent of 100 mg. of steamed liver as a source of the substrate, 
These were also incubated with ascorbic acid with and without the addition 
of folic acid. The results are presented in Table III. 


In this experiment the addition of folic acid did not cause an increase in 
Taste II 
Liberation of CF from Yeast Extract by Chick Liver in Presence and Absence of 
Ascorbic Acid 
Incubation mixtures CF content | CF released 
gm. fer om. 

Chick liver enzyme, 10 mg........................ 200 
Dried brewers’ yeast extract, 25 0 | 
Chick liver enzyme + dried brewers’ yeast........ 315 —- 115 (from yeast) 

+ ascorbic acid............... 840 640( “ liver) 

Taste 
- Failure of Folic Acid to Increase CF Content of Chick Liver 
Incubation mixtures CF content 

mugm. per gm. 

“ - 10 “* + chick liver substrate, 100 mg. ..... 38 

“ 10 “ + ascorbic acid, 50 mg................ 300 

Chick liver enzyme, 10 mg. + liver substrate + ascorbic acid. . 465 


CF content of the incubation mixtures. On the other hand, the addition 
of ascorbic acid increased the CF content of the liver enzyme solution alone, 
and further increased the CF content when liver enzyme was incubated 
together with liver substrate. 

These results indicate, therefore, that the primary réle of ascorbic acid 
in increasing the CF content of chick liver homogenates is due to activation 
of the enzyme which liberates CF from a bound form present in the liver. 
The results of Nichol and Welch (2), Dietrich et al. (3), and more recently 
of Broquist, Stokstad, and Jukes (4) indicate that ascorbic acid also acts 
in some way in the conversion of folic acid to CF in vivo and in rat liver, 
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but further studies on this possibility should take into account the effect 
of ascorbic acid in activating the CF-liberating enzyme. 

The mechanism through which ascorbic acid acts in the activation of the 
CF-liberating enzyme is unknown. The activity of many enzymes is in- 
creased by the addition of reducing agents. Mims et al. (5) showed that 
hog kidney folic acid conjugase could be reactivated by ascorbic acid fol- 
lowing inactivation by various conjugase inhibitors. Hill and Scott have 
shown that activation of hog kidney folic acid conjugase (6) and the 
CF-liberating enzyme of hog kidney (1) by cysteine is probably due to the 
transfer of a sulfhydryl group to an inactive form of the enzyme, thereby 
rendering it active. It appears possible that chicken liver might contain 
some free cysteine or cystine which is not present in hog kidney. How- 
ever, under conditions favoring oxidation of the sulfhydryl group the en- 
syme may be inactive. Ascorbic acid, due to its reducing properties, could 
activate the enzyme either by reducing any cystine present to cysteine or 
by restoring the enzyme to the sulfhydry] form. 


1. Chick liver contains a conjugated form of the citrovorum factor. 

2. Chick liver also contains a citrovorum factor-liberating enzyme. 

3. The citrovorum factor-liberating enzyme is activated by ascorbic acid. 

4. The increase of CF in chick liver homogenates incubated with ascor- 
bic acid is apparently due to the release of CF from a conjugate. 

5. No increase was obtained in the CF content of chick liver homoge- 
nates when folic acid was added to the incubation mixtures in the presence 
of ascorbic acid as compared with incubation mixtures to which ascorbic 
acid was added alone. 
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The nature of the final products resulting from the proteolysis of pro- 
teins is determined to a large degree by the conditions of temperature, 
time of incubation, and hydrogen ion concentration employed during di- 
gestion. Thus, Linderstrgém-Lang and Jacobsen (1) have demonstrated 
a two-phase digestive process in the case of the system, 8-lactoglobulin- 
trypsin, the initial phase preponderating at 0° with more extensive second- 
ary cleavages evident at higher temperatures. Similarly, the so called 
“explosive” or “all or none” digestion (2-5) brought about by pepsin 
acting on a number of proteins at pH 1.5 to 2.5 may represent a secondary 
reaction following an earlier partial breakdown more easily observed at 
higher pH values. Ultracentrifugal evidence, obtained by Peterman (6) 
for the production of relatively large fragments of y-globulin by peptic 
digestion at pH 3.5 to 4.0, is one example of such a process. Other in- 
vestigators have reported similar findings (7). 

The present investigations were carried out with crystalline ribonuclease 
as substrate to permit the detection of early proteolytic changes which 
might result in loss of enzyme activity without extensive further cleavage. 
Native ribonuclease contains three free terminal amino groups. The 
present results indicate that, at pH 1.9, peptic digestion causes a cleavage 
of the ribonuclease molecule to yield approximately ten new amino groups 
with the production of fragments containing an average of seven to nine 
amino acids per fragment. The final digest under these conditions, when 
examined in the ultracentrifuge, shows a broad and probably composite 
sedimentary boundary with an S» of 1.6 as compared with 2.1 for native 
ribonuclease (8). The total area under the sedimentation curves of the 
digested material is approximately the same as for the non-digested con- 
trols. The data presented below suggest that complete dispersion of the 
fragments produced from the ribonuclease molecule does not occur, but 
that the final peptide mixture is associated in a form partially labile to 

* Present address, National Heart Institute, Bethesda 14, Maryland. 
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Methods 


The ribonuclease used in most of these experiments was 5 times re- 
crystallized commercial material prepared by the method of McDonald 
(9) and consequently was free of tryptic or chymotryptic activity. A 
few experiments were made using 3 times recrystallized ribonuclease pre- 
pared in this laboratory by the same method and the results obtained 
agreed closely with those obtained with the commercial material. The 
ratio of ribonuclease activity to total nitrogen in the various samples was 
constant and agreed with the values given by Kunitz (10). The purity 
of the ribonuclease prepared in this laboratory, as tested by electrophoretic 
analysis, was at least 97 per cent. 

Ribonuclease was prepared for analysis by dialyzing a weighed quantity 
of the dry material, dissolved in 0.01 n HCl, against 500 volumes of the 
same acid overnight at 5°. The final concentration of ribonuclease was 
between 1 and 2 per cent, and the pH of the solution 1.8 to 1.9. 

Pepsin solutions were prepared from commercial crystalline pepsin by 
dissolving in 0.01 Nn HCl. Recrystallization and dialysis were found to 
be unnecessary. 
The digestion of ribonuclease with pepsin was carried out at 38°. The 
reaction was stopped either by adjusting the pH to approximately 7 with 
phosphate buffer or dilute NaOH, by the addition of silver oxide to pH 6, 
or by the addition of trichloroacetic or picric acid. 

Samples of the original solution of ribonuclease and of the solutions 
obtained after digestion were analyzed for amino nitrogen by the method 
of Van Slyke (11) with a 30 minute reaction time, and total nitrogen by the 
Kjeldahl method with mercuric ions as the catalyst. The total number 
of amino acid residues was determined by reaction with ninhydrin (12) 
after hydrolysis with 6 n HCl for 6 to 16 hours in a steam autoclave at 15 
pounds per square inch. Ribonuclease activity was determined by the 
spectrophotometric method of Kunitz (10). 

Ultracentrifugal analysis was carried out in an air-driven ultracentrifuge, 
or in the Spinco machine,' on samples of the digested and undigested 
ribonuclease adjusted to pH 7.0 with 0.1 n NaOH and to ionic strength 
0.15 with 1 m NaCl. 

Many of the calculations in this paper are based in part on the analytical 
figures of Brand (13) for the amino acid composition of ribonuclease. In 
utilizing his data, however, the molecular weight has been assumed to be 
13,600, one-third of that calculated by Brand from his results. This value 


1 The author wishes to thank Dr. J. L. Oncley, Mr. Charles Gordon of the Uni- 
versity Laboratory of Physical Chemistry Related to Medicine and Public Health, 
Harvard University, and Dr. Edwin Boyle of the National Heart Institute for their 
kindness in carrying out these determinations. 
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seems the more likely since independent determinations by both osmotic 
pressure and ultracentrifugal analysis (8) give a value of 13,000 to 15,000. 
RESULTS AND DISCUSSION 


To test the purity of the ribonuclease used in these studies, its analytical 
properties were checked by estimation of nitrogen distribution and com- 
parison with data available in the literature. Part A, Table I, lists in 


TaBLeE I 
Nitrogen Distribution in Ribonuclease 


A. Brand (18) (Assume wu = } X 40,600) 


N atoms 
mole atoms per mole |Ninhydrin-N | atoms per mole 


(1) (2) (3) (4) (S) (6) (7) 


Total N, | oN, atoms per Calculated Total N HONO-N, Terminal N, | Terminal N 


159 111 126 1.27 13 3 0.019 
B. Experimental Data 
. \Calcula Found, mg.N | TotalN F N  Calcula Terminal N 
144 1.02 1.16 1.24 0.120 0.028 0.020 
164 1.15 1.31 1.25 | 
1.39 13 1.23 
1.75 0.150 0.035 0.020 
1.51 1.23 0.162 0.037 0.020 
1.83 | 1.41 1.29 0.154 0.035 0.019 
1.41 | «0.113 0.026 0.019 


* Ninhydrin N X 111/126; ribonuclease contains (13) 14 or 15 residues of aspartic 
acid per 13,500 gm. 

t HONO-N — 10/111 X a-N; 10 residues of lysine per 13,500 gm. of ribonucle- 
ase. 


summarized form the findings of Brand (13) on this protein. The figure 
in Column 3 was calculated from that in Column 2 on the basis of the fact 
that aspartic acid yields 2 equivalents of CO. per mole upon treatment 
with ninhydrin. Brand reported the presence of 3 atoms of terminal 
nitrogen per mole of ribonuclease (Column 6) and a ratio of terminal to 
total nitrogen of 0.019 (Column 7). 

In Table I, Part B are listed the present analyses. The agreement 
between the figures in Columns 4 and 7 with corresponding figures in 
Part A confirms the earlier results and indicates the purity of the ribo- 
nuclease samples employed here. 
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Solutions of ribonuclease were digested with pepsin, under different con- 
ditions of time and pepsin concentration as listed in Table II, and the 
reaction was stopped with the reagents indicated. The total digest was 
then analyzed for nitrous acid-liberated nitrogen (HONO-N), total nitro- 
gen, and, after acid hydrolysis, for ninhydrin-labile CO, (calculated as 
nitrogen equivalents). From these values were calculated terminal amino 
nitrogen and total a-amino nitrogen, as indicated in Table II. When 


TaB_e II 
Average Chain Length of Products of Pepsin Digestion of Ribonuclease 


Total | Pepsin | Time | HONO-N | Teminal Ninby- Average chain lengths 


Reaction stopped by addition of NaOH, Ag:O, or phosphate buffer 


mg. perce.| min. | mg. per ce. mg. per ce. | mg. per cc. | mg. per ce 
0.73 | 0.01 20 | 0.112 | 0.066 | 0.58 0.51 7.8 (P) 
0.73 0.01 40 0.112 0.074 0.60 0.53 i 
1.17 0.09 120 0.176 0.101 0.94 | 0.83 8.2 (Ag) 
1.41 0.12 45 0.183 0.096 1.11 0.98 10.2. (OH) 
1.72 0.015 60 0.255 0.145 1.39 | 1.22 | 8.4 (P) 
Reaction stopped with picric or trichloroacetic acid 
0.83 0.05 120 | 0.087 0.058 0.36 0.32 5.5 (PA) 
0.83 0.05 360 0.105 | 0.074 0.39 0.34 ‘4..* 
1.83 0.10 0.091 = 0.068 0.30 0.26 
1.83 0.10 120 0.273 0.181 1.17 1.03 5.7 (TCA) 
1.72 0.015 60 0.130 0.087 0.54 0.476 5.5 
172 #£=60 0.037 0.019 0.092 0.081 4.3 (PA) 


* HONO-N — 10/111 X a-N. 

+ Ninhydrin — N X 111/126. 

t Reaction stopped by addition of phosphate buffer (P), silver oxide to pH 6 
(Ag), NaOH (OH), picric acid (PA), or trichloroacetic acid (TCA). Average chain 
length, a-N/terminal N. 
the reaction was stopped with picric or trichloroacetic acid, the results 
refer to the supernatant solution resulting from centrifugation of the total 
digest. The data show that, upon treatment with pepsin, ribonuclease, 
with an initial average chain length of 37 residues per chain, is degraded 
to a mixture of fragments containing on the average approximately 8 resi- 
dues per chain. That a considerable distribution of peptide sizes is present 
is indicated by the lower average chain lengths obtained following frac- 
tionation with picric or trichloroacetic acid. 

This heterogeneity is also demonstrated by the results in Table III 
where total digests, prepared as above, were dialyzed for 18 hours with 
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stirring against dilute phosphate buffer at pH 7.0. In calculating the 
terminal nitrogen figures, the assumption has been made that the relative 
lysine contents of the dialyzable and non-dialyzable fractions are the 
same. The data indicate a 4- to 6-fold difference in average peptide 
lengths inside and outside the dialysis bag when the values obtained for 
the non-dialyzable fraction are corrected for the nitrogen contributed by 
dialyzable substances left inside the bag (see Table III, foot-note 2). 
In Experiments Ia and Ib, 45 per cent of the total nitrogen was dialyzable 
under the present conditions, while in Experiment II this fraction amounted 
to approximately 25 per cent. 
III 
Effect of Dialysis* on Peptic Digests of Ribonuclease 


Experiment | Sample analyzedt -HONO-N | Teqminal Nintydrin’ 


i 


| mg. per ce. mg. per ce. | mg. per ce. | mg. per ce. 


1 Original digest | 0.255 | 0.145 1.39 1.22 8.4 
la Dialysate 0.060 0.042 0.222 0.195 4.6 
Non-dialyzable 0.123 | 0.060 0.790 0.695 | 11.6 
Ib Dialysate 0.066 0.044 0.280 0.247 5.6 
Non-dialyzable 0.136 0.068 0.860 0.758 11.1 
Il Original digest 0.384 0.186 2.08 1.63 9.9 
Dialysate 0.061 0.04 0.204 0.180 4.0 
Non-dialyzable 0.232. 0.115 1.48 11.4 


* 18 hours with stirring at +4°. 

t In Experiment I, 5 cc. of digest were dialyzed against 10 ec. of H,O; final di- 
alvsate volume, 8.5 cc. In Experiment II, 5 cc. of digest were dialyzed against 5 cc. 
of H,O; final dialysate volume, 3.9 ce. 

t (HONO-N) — 10/111 X a-N. 

§ Ninhydrin — N X 111/126. 


To obtain further information on the size distribution of peptide ma- 
terial in the pepsin digests, samples of ribonuclease were subjected to 
ultracentrifugal analysis after exposure to the proteolytic reaction for vary- 
ing lengths of time. The ultracentrifugal analyses are not amenable to 
precise evaluation because the low sedimentation velocities involved result 
in curves which do not separate completely from the meniscus during 3 
hour runs at 900 r.p.s. In the present experiments, sedimentation con- 
stants intermediate between the initial value of approximately 2.1 and 
the final digested value of 1.6 are undoubtedly artificial and represent 
averages for overlapping, heterogeneous gradients composed of mixtures 
of intact and digested ribonuclease. However, certain qualitative con- 
clusions may be reached from the data in Table IV. In view of the rela- 
tively small average peptide lengths indicated by chemical analysis and 
the proportion of easily dialyzable material in these digests, it was sur- 
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prising to find that the amount of sedimentable material remained essen- 
tially constant during digestion (Column 5). Table IV also shows that 
a large decrease in enzyme activity (Column 3) may occur before a sig- 
nificant change in sedimentation constant (Column 6) takes place. 

The data from another typical experiment are presented in Fig. 1. Fig. 
1, A shows the control data on the initial, undigested ribonuclease. In 
Fig. 1, B, obtained following restricted pepsin treatment, 80 per cent of 
the ribonuclease activity has been destroyed without detectable changes 
in the sedimentation constant or in chemically determined “average pep- 
tide chain length.” In Fig. 1, C, prolonged digestion has resulted in a 
decrease in Szo,~ from approximately 2.1 to 1.6 with a concomitant de- 


Tasie IV 
Ultracentrifugal and Chemical Changes during Peptic Digestion of Ribonuclease 


| Ribonuclease | TotalN | 
Pepsin, mg. per | . : _ Relative area Average 
ce. Digestion | under curve Swe chain length 
min. | 
0 100 1.00 0.60 2.18 36 
0.01 5 36 1.00 0.54 1.95 
0.04 5 12 1.00 0.53 1.68 7 
0.04 15 6 | 1.27 | 0.6 1.63 
0 100 (0.87 2.26 36 
0.01 20 0.8: | 1.65 8 
0.01 0 0 0.82 1.63 7 
0 100 1.47 0.81 | 2.14 36 
0.004 10 46 1.47 0.85 2.24 34 
0.004 30 16 1.47 0.81 eee 


crease in chain length. The constancy of the area under the ultracen- 
trifuge diagram in the three samples, however, indicates the presence of 
cross-linking forces or bonds which prevent dispersion of the relatively 
small fragments produced. A consideration of both the ultracentrifugal 
and chemical data suggests that the initial stage of digestion consists of 
a change in the fine structure of the molecule involving minimal cleavage 
of peptide bonds and no change in sedimentation constant. Such a change 
is analogous to the mechanism proposed by Linderstrgm-Lang in which 
the initial stage of digestion is assumed to be one resembling denaturation 
(14). Subsequent digestion by pepsin then results in the rupture of ap- 
proximately ten peptide bonds to yield a complex of products with a 
sedimentation constant of about 1.6. Further incubation of this mixture 
does not result in a further decrease in either the sedimentation constant 
or in the concentration of a as calculated from the area 
under the ultracentrifugal pattern. 
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The nature of the cross-linkages holding together the fragments pro- 
duced during digestion has not been studied beyond preliminary attempts 
to labilize such bonds by treatment with thioethanol and thioglycolic 
acid. Such treatment did not result in dissociation over that observed 
during ordinary dialysis. The dialyzability of a large part of the digests 
suggests that binding may be through easily dissociable bonds of an elec- 
trostatic or van der Waals’ nature. 

Preliminary experiments on the ultracentrifugation of peptic digests 


Fic. 1. Summary of a typical experiment on the ultracentrifugal, enzymatic, and 
chemical changes produced during peptic digestion of ribonuclease at pH 1.8. Sam- 
ple A was centrifuged for 2 hours and 9 minutes at 997 r.p.s. in the Spinco ultra- 
centrifuge. Samples B and C were centrifuged 2 hours and 46 minutes at 997 r.p.s. 
in the Spinco ultracentrifuge. 1 per cent ribonuclease in 0.01 x HCl. Sample A, 
control, adjusted to ['/2 = 0.11 and pH 7.0 with phosphate buffer. Sample B, di- 
gested 15 minutes with 0.005 mg. of pepsin per cc.; reaction stopped with phesphate 
buffer as in Sample A. Sample C, same as Sample B, but digested for 30 minutes; 
0.005 mg. of pepsin perce. The values of S.».,. for Samples A, B, and C, respectively, 
were 2.1, 2.1, and 1.6, for the average peptide chain length 36, 36, and 8, for relative 
area under the sedimentation patterns 100, 98, and 97, and for ribonuclease activity 
as per cent of control, 100, 20, and 4. 


of crystalline serum albumin, ovalbumin, and plakalbumin have clearly 
shown the absence of the sedimenting complexes observed in the case of 
ribonuclease. 


SUMMARY 


1. The proteolytic digestion of ribonuclease with pepsin results in the 
rupture of approximately ten peptide bonds. The resulting peptides con- 
tain, on the average, 7 to 8 amino acid residues per mole. However, dialysis 
and precipitation experiments show that both very large and very small 
fragments are present in the digest. 

2. Ultracentrifugal analysis of the reaction products demonstrates that 
complete dispersion of the peptide fragments does not occur. The ter- 
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minal digest has an Seo ,, of 1.60 to 1.65 and shows an area under the sedi- 
mentation curve essentially the same as that for the initial undigested 
ribonuclease. 


3. The results obtained follow the pattern suggested by Linderstrom- 


Lang for proteolysis in general, in which a primary restricted change in 
the protein substrate is followed by more general cleavage along the protein 
chain. 
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STUDIES ON COPPER METABOLISM 


I. A METHOD FOR THE DETERMINATION OF COPPER IN WHOLE 
BLOOD, RED BLOOD CELLS, AND PLASMA* 


By C. J. GUBLER, M. E. LAHEY, HELEN ASHENBRUCKER, G. E. 
CARTWRIGHT, anv M. M. WINTROBE 
(From the Department of Medicine, University of Utah College of Medicine, Salt Lake 
City, Utah) 


(Received for publication, September 28, 1951) 


During the course of studies in this laboratory on the réle of copper in 
erythropoiesis, it became necessary to have available an accurate but 
relatively rapid and simple method for the determination of copper in 
whole blood and in erythrocytes as well as in plasma. This paper pre- 
sents such a method. 

The copper in plasma as well as in red cells is chiefly, if not entirely, 
protein-bound (1-4). Earlier methods for the liberation of copper from 
this protein combination made use of dry or wet ashing for the destruction 
of organic material (5-8). Dry ashing methods give accurate results in 
the hands of a careful and experienced worker but such methods are open 
to the criticism that copper may be lost by spattering or volatilization 
unless extreme care is exercised. Volatilization is particularly important 
in the presence of nitrates.' This method also has the added disadvantage 
that it is cumbersome and time-consuming. Wet ashing is the most ac- 
curate procedure for the liberation of copper from whole blood or plasma 
and this procedure can and should be used for checking the accuracy of 
other methods. However, this technique is not practical for the routine 
analysis of many samples. 

In order to provide a simpler procedure, Locke ef al. (9), Tompsett (10), 
and, more recently, Heilmeyer et al. (11) and Nielsen (12) precipitated the 
proteins from plasma with trichloroacetic acid. This necessitated a 4- to 
6-fold dilution with subsequent reconcentration by extraction of the cop- 
per carbamate into amyl alcohol. Cartwright et al. (13) discussed some 
of the objections to this procedure. These workers used three hot ex- 
tractions of plasma with trichloroacetic acid and were thus able to elimi- 
nate the final extraction into amyl alcohol. This method is time-con- 
suming and is not suitable for the determination of copper in the red cells. 
Schmidt (14) demonstrated that copper could be completely liberated 
* Aided by grants from the United States Public Health Service and The Upjohn 


Company, Kalamazoo, Michigan. 
' Unpublished observations in this laboratory. 


210 DETERMINATION OF COPPER IN BLOOD 


from its protein combination in plasma by treatment with dilute hydro- 
chloric acid prior to the precipitation with trichloroacetic acid. Holm- 
berg (1) and Axtrup (15) used this technique but subsequently extracted 
the copper carbamate with amyl alcohol prior to the spectrophotometric 
determination of the color density. 

Robinson (16) has recently described a method which utilizes direct 
extraction of the copper carbamate from serum with amy! alcohol in the 
presence of the serum proteins. This method has the disadvantage that 
the final color comes in large part from factors in the serum other than 
copper. Preliminary treatment with hydrochloric acid considerably less- 
ens this extraneous color (1, 14). 


EXPERIMENTAL 


Liberation of Copper and Precipitation of Protein—Since Holmberg dem- 
onstrated (1) that the copper of whole blood as well as that of plasma can 
be completely liberated; by incubation with 6 N hydrochloric acid, the 
effects of various concentrations of hydrochloric acid on the liberation of 
copper from its protein combination in plasma and in erythrocytes were 
studied. The copper in plasma was found to be completely liberated 
after incubation for 10 minutes with 0.33, 1, 2, and 6 n hydrochloric acid. 
With whole blood or cells, however, the 0.33 N and 1 N acids did not free 
all of the copper and lower values were obtained than with 6 N acid. On 
the other hand, with 6 N acid a greater and more variable amount of inter- 
fering color was carried into the supernatant. The optimum concentra- 
tion of acid was found to be 2 nN. This normality of hydrochloric acid 
liberated the copper quantitatively from plasma and washed cells (Table 
VI) and at the same time gave a minimum of interfering color in the super- 
natant after precipitation of the proteins. In addition, a technical ad- 
vantage was gained by the use of 2 Nn acid in that a cleaner separation of 
precipitate and supernatant could be achieved and a greater volume of 
supernatant obtained. | 
- Time of Contact with Acid—The relationship between the time of con- 
tact with acid and the completeness of the liberation of copper was studied. 
It was found that 10 minutes standing with 2 n hydrochloric acid is ade- 
quate for complete liberation of the copper. 

Effect of Heating—Heating of plasma, whole blood, or red cell samples 
after the addition of hydrochloric and trichloroacetic acid resulted in 
greater amounts of interfering color in the supernatant after removal of 
the precipitated proteins. When a correction was made for this inter- 
fering color, the copper values obtained after heating were the same as, 
or lower than, those obtained from non-heated samples (Table I). Non- 
heated samples also yielded a greater volume of supernatant due to better 


packing of the precipitate. 
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Effect of Storage—From the standpoint of ease and speed of operation, 
it was found advantageous to use fresh samples of whole blood and cells. 
When samples stand in the refrigerator a good separation of the trichloro- 
acetic acid-precipitated proteins from the supernatant becomes progres- 
sively more difficult to achieve. Particles adsorb oxygen and remain on 
the surface, often necessitating repeated stirring and centrifugation in 
order to obtain particle-free supernatants. This difficulty is seldom en- 
countered with fresh blood. If the determination cannot be completed 
while the blood is fresh, 7.e. within 24 to 48 hours, it is advisable to carry 
it as far as the trichloroacetic acid precipitation. The supernatants can _ 
then be decanted and stored in stoppered tubes until the determinations 
can be completed. A variable but significant amount of evaporation 
takes place during centrifugation, depending on the number and the tem- 


Tasie I 


Effect of Heating on Recovery of Copper from Whole Blood and Plasma and on 
Extraneous Color in Filtrates 


| | 
Whole blood | Non-heated 2.0 0.015 0.050 0.035 105 
Heated 1.6 0.024 0.053 0.029 108 
Plasma Non-heated 2.0 0.005 0.048 0.043 113 
Heated 2.0 0.019 0.059 0.040 107 


* D, is the density before the addition of sodium diethyldithiocarbamate. 
t D; is the density after the addition of sodium diethyldithiocarbamate. 
— Dif) K. 


perature of the centrifugations. If not prevented, this gives rise to errors 
in the final copper values. Stoppers are not satisfactory for closing the 
tubes during centrifugation. Parafilm (Marathon Corporation, Menasha, 
Wisconsin) was found to be very suitable for this purpose. 

When working with whole blood or washed cell samples, it is advan- 
tageous to add 0.5 ml. of double distilled water to the 1 ml. aliquots before 
adding the hydrochloric and the trichloroacetic acid. This gives a final 
volume of 3.5 ml. A more uniform precipitate is obtained and no diffi- 
culty is encountered in getting a supernatant free of particles. At the 
same time, larger aliquots of supernatant can be used. This results in an 
increase in sensitivity and a greater consistency in the copper values 
obtained. 

Shift of Copper from Plasma to Cells and from Cells to Plasma—In the 
course of this study the question of a possible shift of copper from cells 
to plasma or from plasma to cells arose. This problem was investigated 
by allowing mixtures of plasma and red cells with various copper contents 


| 
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to stand at room temperature. Samples were removed at intervals, cen- 
trifuged, and the red cell and plasma copper values determined. The 
results are presented in Table II. When mixtures of normal cells and 
normal plasma, or cells with a high copper content and normal plasma, 
were allowed to stand, there was no significant shift of copper in either 
direction. However, if copper had been added to the plasma either in 
vitro or in vivo, there was a rapid shift of the copper from the plasma to 
the cells on standing. These results emphasize the importance of quickly 
separating the cells from the plasma in any studies involving in vitro or 
parenteral additions of copper to blood if a true picture of the partition of 
copper between cells and plasma is to be obtained. 

Interfering Colors—When plasma is treated with 2 x hydrochloric acid 


Taste II 
Exchange of Copper between Plasma and Red Blood Cells of Dog on Standing in Vitro 
The values are given in micrograms of Cu per 100 ml. of red cells. 


Time of contact of red cells with plasma 
Blood 
0 hr. | 4 brs. 24 hrs. 

No Cu added 98 | | 101 
Cu added in vitro 231 439 511 
Red cells (400 y % Cu) mixed with 400 | 400 

plasma (63 y % Cu) | 
Blood drawn 5 min. after intraven- 362 429 458 

ous injection of Cu (0.5 mg. per | 

kilo) 


prior to the precipitation of the proteins, the development of interfering 
color in the supernatant is almost completely eliminated. This was dis- 
cussed in the foregoing section on the use of hydrochloric acid. However, 
in an occasional plasma sample from pathological blood, some non-copper 
interfering color may remain in the supernatant in spite of this treatment. 

With red cell and whole blood samples, the supernatants all contain a 
variable but significant amount of interfering color after treatment with 
2 n hydrochloric acid. Consequently, it is necessary to make density 
readings on all samples prior to the addition of the color reagent in order 
to correct for any extraneous color present. Occasionally with plasma 
and whole blood samples and more frequently with washed red cell sus- 
pensions, a cloudiness or precipitate appears after making the specimen 
basic with ammonium hydroxide. This is probably due to a high calcium 
content and can usually be prevented by the addition of 0.2 ml. of satu- 
rated sodium citrate solution to the sample before the addition of am- 
monium hydroxide. 
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Effect of pH on Color Development with Carbamate Reagent—The color of 
standard copper solutions in the presence of carbamate has been found to 
be independent of pH in the range of 5.7 to 9.2. If the pH is more acid 
than 5.7, color formation is inhibited and, in fact, color frequently fails 
to develop after subsequent adjustment of the pH to 9.0. Above pH 
10.0 there is a slight diminution of color. 

Plasma filtrates behave somewhat differently than standard copper 
solutions. Below pH 6.0, pyrophosphate does not completely inhibit the 
combination of iron with carbamate and thus, depending on the iron con- 
tent of the sample, there is frequently more color than at pH 9.0. This is 
because iron also forms a brownish yellow color with carbamate. Above 
pH 6.0, in the presence of pyrophosphate ions, the formation of the iron 
carbamate complex is prevented. Between pH 6.0 and 10.0 the color 
remains constant. Above pH 10.0 there is a slight decrease in the amount 


III 
Effect of pH on Apparent Copper Concentration in Plasma Filtrates 
The values are given in micrograms of Cu per 100 ml. 


pH ‘Filtrate 1 pH Filtrate2 pH Filtrate 3 
| 157 2.8 166 
| | 7.6 128 6.3 122 
9.0 | 157 8.9 111 8.9 119 
10.5 | 147 10.2 103 10.1 119 


of color. This is illustrated in Table III. It is, therefore, advisable to 
develop the copper carbamate color between pH 8.0 and 9.0. 

Stability of Color—Since it is frequently necessary to run a large number 
of blood or plasma copper determinations at one time, it is of importance 
to know whether the yellow color is stable enough to allow the addition of 
carbamate reagent (sodium diethyldithiocarbamate) to all of the samples 
at once or whether it must be added to each individual sample just prior 
to reading the color density. In order to study the stability of the copper- 
carbamate color, the proteins were precipitated from 10 ml. of plasma by 
the addition of 10 ml. of 2 n HCl, followed by 10 ml. of 20 per cent tri- 
chloroacetic acid, and the copper-carbamate color was developed in the 
entire supernatant by the addition of the reagents in the usual manner. 
3 ml. aliquots of this were read against a water blank at various periods of 
time following the addition of the carbamate. The results are shown in 
Table IV. At low concentrations the color was stable up to 1} hours. 
However, with higher concentrations the color began to deteriorate after 
hour. Samples should therefore be read within 1} hours at low concen- 
trations of copper and not later than } hour at higher concentrations. 
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Determination of Standard Curve—It was desirable in this study to use 
minimum quantities of blood. For this reason the method was adapted 
for use with the Beckman spectrophotometer, which requires a minimum 
final volume of 3.0 ml. A standard curve (Fig. 1) was obtained by adding 


Tasie IV 


Stability of Yellow Color of Copper-Diethyldithiocarbamate in Plasma Supernatants 
after Treatment with Hydrochloric and Trichloroacetic Acids 


Time of standing, hrs. 


| 


Plasma No Cu 0 4.4 ke 
1 | 147 0.089 0.049 0.049 0.049 0.012 0.039 0.037 0.031 0.024 
2 | 348 0.116 0.116 0.113 0.109 0.102 0.098 0.094 


* Obtained with the Beckman spectrophotometer by the use 2 of cuvettes of ™ em, 
light path, at wave-length 440 my, and slit width of 0.06 mm. 


DENSITY 


T 


2 3 4 


UG. Cu/PER 3.0 Mi. 

Fic. 1. Standard curve obtained by plotting on the abscissa the density (as ob- 
tained in the Beckman spectrophotometer with cuvettes having a 1 cm. light path, 
and with a slit width of 0.06 mm. and a wave-length of 440 my) against the concentra- 
tion in micrograms of Cu per 3 ml. on the ordinate. 


0.2 ml. of a saturated solution of sodium pyrophosphate, 0.3 ml. of am- 
monium hydroxide diluted 2:1 with copper-free water, and 0.2 ml. of a 
0.1 per cent solution of diethyldithiocarbamate solution to varying vol- 
umes of dilute copper standard solutions containing 0.8 and 2 y of copper 
per ml. respectively. The final volume was made to 3.0 ml. with redis- 
tilled water. As can be seen, the color is proportional to the concentra- 
tion of copper up to 3.0 7 in 3.0 ml. Under these conditions a K value 
(K = concentration/density) of 20.0 + 0.12 was obtained. 
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Proposed Method 
Reagents— 


1. Copper-free water obtained by redistilling water in an all-glass dis- 

tilling apparatus. 

. 2. ~ hydrochloric acid. 

20 per cent trichloroacetic acid (weight by volume). 

Saturated solution of sodium pyrophosphate. 

Saturated solution of sodium citrate. 

Ammonium hydroxide diluted 2:1 with water (21 per cent NH;). 

. 0.1 per cent solution of sodium diethyldithiocarbamate (Eastman). 
. Standard copper solution containing 100 y per ml. Dissolve 0.3928 
gm. of CuSO,-5H,0 in redistilled water and dilute to 1 liter. Use only 
erystals which show no sign of efflorescence. Working standards contain- 
ing 0.8 and 2 y of copper per ml. are prepared from the above standard. 

Redistilled water must be used for the preparation of all reagents listed 
above. All glassware must be cleaned, acid-washed, and finally rinsed 
thoroughly with redistilled water. 

Plasma—To 1 ml. of plasma or serum in a small centrifuge tube or 15 
mm. test-tube, add 1 ml. of 2 n hydrochloric acid, stir well, and let stand 
for 10 minutes. Then add 1 ml. of 20 per cent trichloroacetic acid solution, 
stir well, and let stand another 10 minutes. Cover tubes with Parafilm 
or similar material and centrifuge at 3000 r.p.m. (International centrifuge 
No. 2) for 30 minutes to insure maximum packing and yield of super- 
natant. Pour off the supernatant into a small (10 mm.) test-tube. Pi- 
pette a 2.4 ml. aliquot into another small (15 mm.) test-tube. Add 0.2 
ml. of a saturated sodium pyrophosphate solution, 0.2 ml. of a saturated 
sodium citrate solution, 0.4 ml. of an ammonium hydroxide solution, and 
redistilled water to make a volume of 3.3 ml. The density is then read 
against a reagent blank containing no carbamate or against distilled water 
in a suitable spectrophotometer. After the density is read, 0.2 ml. of a 
0.1 per cent sodium diethyldithiocarbamate solution is added to each 
tube, including a reagent blank. After mixing, the densities of the sample 
and blank are again read, as above, against the reagent blank containing no 
carbamate or against distilled water. 

Whole Blood or Red Cell Suspensions—To 1.0 ml. of whole blood or 
washed cell suspension (in 0.9 per cent saline), add 0.5 ml. of redistilled 
water followed by 1.0 ml. of 2 n hydrochloric acid, stir well, and after 
10 minutes add 1.0 ml. 20 per cent trichloroacetic acid and stir again. 
Centrifugation is carried out as outlined for plasma samples. When 


_possible, supernatant aliquots of 2.5 ml. are used. Add 0.2 ml. of satu- 


rated pyrophosphate solution and 0.2 ml. of saturated sodium citrate 
solution, followed by 0.4 ml. of ammonium hydroxide solution and water 
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to make a final volume of 3.3 ml. Read the blank densities as with plasma 
samples; then add 0.2 ml. of carbamate solution and read again. The 
densities of the plasma, red cell, and whole blood “blanks” should be cor- 
rected for the change in volume on addition of the carbamate solution by 
multiplying the “blank” density by a factor, f, obtained as follows: 


volume before carbamate addition 
final volume 


Calculations—Since the density is read directly in the Beckman spectro- 
photometer, and 1.0 ml. samples of plasma, red cell suspension, or whole 
blood are used, the copper concentration of the original material in micro- 
grams per 100 ml. is calculated as follows for a final volume of 3.5 ml. 


Plasma Cu in y % = (Ds Dif) X K x 100 
Whole blood or red cell Cu in y % = (Dy — Dif) X K x ~> x 100 
K = the factor obtained as above, by using standard copper solutions 
(with our instrument under the conditions specified and a final volume of 
3.5 ml., K = 23.3). V = volume of supernatant aliquot used. D, = 
density without carbamate (plasma, red cell, or whole blood blank). D, 
= density after adding carbamate. 

Red cell copper is reported as micrograms of Cu in 100 ml. of packed 
red cells; hence the values obtained from the equation given above must 
be divided by the volume of packed red cells per ml. of red cell-saline 
suspension. 

Recoveries of Added Copper—Good recovery of copper added to plasma 
samples before treatment has been cited (11, 16) as an indication of the 
accuracy and reliability of the method. Such a conclusion must be ac- 
cepted with caution. Recoveries of iron added to plasma within physio- 
logical limits may be valid because, as far as is known, the added iron 
combines with the excess iron-binding protein and exists in the same form 
as that originally present. On the other hand, the copper-carrying protein 
is completely saturated (2, 17) and any copper ‘added to plasma either 
in vitro or in vivo exists in combination with other proteins and is not as 
firmly bound as that originally present in the plasma (3). Hence a re- 
covery of, for example, 99 per cent of added copper cannot be assumed to 
indicate the same per cent recovery of the copper originally present. The 
main value in checking recoveries with plasma copper methods is to check 
the technique of the operator. Results of such recovery experiments are 


presented in Table V. As can be seen, 97.5 to 101 per cent of the added. 


copper was recovered from both whole blood and plasma. 
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Comparison with Wet Ashing—As a more reliable check on the accuracy 
of the method, the values obtained were compared with those obtained by 
wet ashing suitable samples of plasma, whole blood, or cells with concen- 
trated sulfuric and nitric acid, followed by perchloric acid, until clear. 
After making up to an appropriate volume with redistilled water, copper 
was determined in aliquots by the usual carbamate method with the ex- 
ception that more ammonia was required to neutralize the excess acid. 
The results are presented in Table VI. The average differences between 
the copper values obtained after precipitation and those obtained after 
wet ashing were —1.7 per cent for red cells, +3.3 per cent for plasma, and 
—7.1 per cent for whole blood. Thus, all of the copper in washed red 
cells and plasma is liberated and determined by the method proposed. 


TaBLe V 
Recovery of Copper Added to Whole Blood and Plasma 
The values are given in micrograms of copper per 100 ml. 


| | Total 
Method Material Original Added 

| | Found 
Wet ashing Whole blood 101 | 210 | 311-307 98.5 
Hydrochloric + trichloro- “ | 104 210 314 | 306 (97.5 
acetic acid precipitation Plasma 118 50 168 | 165 98 .0 
118 100 | «218 | 220 | 101.0 
118 150 | 268 | 271 | 101.0 


However, the values for whole blood are consistently low and more vari- 
able. An average of only 93 per cent of the copper present is determined. 
This leads to a small error in the copper values themselves in whole blood 
but may lead to large errors if these values are used for the calculation of 
copper concentration of red cells in lieu of a direct determination of red 
cell copper. 

Previous workers (1, 11, 18) have determined the plasma copper, the 
whole blood copper, and the volume of packed red cells, and from these 
data they have calculated the red cell copper as follows: 


Red cell copper = 
whole blood Cu — plasma Cu (100 — volume of packed red cells) 
volume of packed red cells 
Three determination errors are involved in this calculation; i.e., errors in 
the determination of plasma copper, of whole blood copper, and of the 
of packed red cells. These errors may be additive and are then 


i 
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} 
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multiplied by a factor of 2 to 5, depending on the volume of packed red 
cells. For example, with a volume of packed red cells of 30 per cent, a 
5 per cent error in the determination of both the whole blood and the 
plasma copper can result in an error of 28 per cent in the calculated cell 
copper value. Generally this error is maximum since the average error 
in the plasma copper is positive and that in the whole blood copper is nega- 
tive. This leads to low and extremely variable values for the calculated 
cell copper. For this reason a very poor correlation has been found in 


Taste VI 


Values Obtained on Filtrates after Wet Ashing, Compared with Those after Treatment 
with Hydrochloric and Trichloroacetic Acids 


The values are given in micrograms of copper per 100 ml. 


Plasma Whole blood Cells 
Wet Percent Wet < Percent Wet Per cent 
ash = difference ash = difference ash = difference 
1 107) 107 0 108) 107 —-1.0 126 126 0 
2 105 +109 +3.8 114 110 —-3.5 (126 122 -3.2 
3 123 1300 126 103 -—18.0 113 #115) +1.8 
4 112 118 119 «110 —7.6 91 91 0 
5 130 143 +10.0 139 110 —21.0 113 100) —3.5 
6 101 92 -9.0 104 St -19.2 113 116 +2.6 
7 220 225 +2.3 131 113° —13.7 +93 
1860 («194 +4.3 11S) 130) 58 62 +6.8 
9 +4.3 152. 148 —2.0 
10 106 «1270 «(124 —2.4 
11 106 104 —-1.9 1148 148 0 
Standard deviation +4.09 +8.70 +4.30 


* Trichloroacetic acid. 


this laboratory between calculated and determined cell copper values, 
particularly in patients with anemia. In such individuals the calculated 
cell copper was found to vary as much as 60 per cent from the directly 
determined cell copper. 

The white cells of the blood have a copper concentration of the same 
order as that of the red cells, i.e. 100 to 120 y of copper per 100 ml. of 
white cells.? Since the white cells make up such a small fraction of the 
total cell volume, their contribution to the cell copper is negligible and 
hence can be ignored. 


? Unpublished data. 


22 


828 


Sor & 


nt 


GUBLER, LAHEY, ASHENBRUCKER, CARTWRIGHT, WINTROBE 219 


Reproducibility of Method—The results obtained when serial copper 
determinations were made on a single sample of plasma or whole blood are 
presented in Table VII. The error of the plasma copper determination is 
within +6 per cent (two standard deviations) and that of the whole blood 
between 4.6 and 10.0 per cent, depending on whether the blood has a high 


TaBie VII 
Reproducibility of Repeated Determinations of Plasma and Whole Blood Copper on 

Single Sample 

Cu 
Material 
Mean* Range 
per 100 mil. y per 100 mil. 
9 11S + 2.9 116-124 
13 104 + 5.0 99-117 
4 | 306 + 6.9 297-313 

© With standard deviation. 

Taste VIII 


Reproducibility of Duplicate Determinations of Plasma, Whole Blood, and Red Cell 
Copper in Large Number of Different Samples by Three Different Persons 


Per cent difevence between 

Material Performed by au commer 
| Mean* Range 

Plasma C.G. | 47 | 2-865 4.142.097 012.5 
E.L. 40 72165 4843.40 018.0 

H.A. | 4 48188 | 2.742.200 | 05.9 

Whole blood C.G. 73-1720 3.344.110 014.3 

19 45-16 | 5,244.70 | 1-16.0 

Red cells (washed) H.A. 10 9137 7847.50 023.2 
C.G. 80-867 4.20 012.7 


* + standard deviation. 


or low copper content. The reliability of the method has also been 
checked by comparing duplicate determinations on a large number of 
samples of plasma, whole blood, and cells of widely varying copper con- 
tent. The results are presented in Table VIII. Values obtained by three 
different operators are included in order to indicate the importance of in- 
dividual techniques. These results indicate that the method is reliable 
over a wide range of copper concentration and that good accuracy 
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can be achieved by different workers. The red cell copper determination 
is somewhat less accurate than the measurement of plasma copper. 


A simple, rapid, and accurate method has been described for the deter- 
mination of copper in whole blood, red cells, and plasma. The copper is 
liberated from the proteins by incubation with hydrochloric acid and this 
is followed by precipitation of the proteins with trichloroacetic acid. The 
copper in the supernatant liquid is then determined colorimetrically by 
the addition of sodium diethyldithiocarbamate. The color density is 
read by means of the Beckman spectrophotometer. This method requires 
only 1 ml. of blood or plasma. 

In order to define the optimum conditions for this method, a study has 
been made of various factors affecting the determination of whole blood, 
red cell, and plasma copper. 
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SUMMARY 


THE INCORPORATION OF ACETATE IN ACIDS OF THE CITRIC 
ACID CYCLE BY AZOTOBACTER EXTRACTS 


By R. W. STONE®* anv P.-W. WILSON 
(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
) 


Wisconsin 
(Received for publication, October 25, 1951) 


Cell-free extracts from Azotobacter vinelandii were found to oxidize acetic 
acid and the acids of the citric acid cycle, although cell suspensions ex- 
hibited varying periods of lag or did not attack these substrates (1). To 
obtain chemical evidence to supplement the manometric data on the path- 
way of acetate oxidation by Azotobacter extracts, experiments were con- 
ducted with acetate-1-C™. 

Methods 

Experiments were carried out in manometric vessels of sufficient size 
to accommodate 18 ml. of reaction mixture. These were made up by 
using the same proportion ‘of reactants as previously described (1): 1.20 
ml. of 0.2 m phosphate buffer (pH 6.85), 0.6 ml. of 0.02 m MgSQ,, 0.6 ml. 
of 0.025 per cent coenzyme A, 0.6 ml. of 0.1 mM sodium acetate-1-C™, 1.2 
ml. of 0.1 m sodium citrate, and 3.0 ml. of Azotobacter extract containing ap- 
proximately 2.5 mg. of N per ml. and prepared by wet crushing with a 
Booth-Green mill (2). The contents of the flasks were diluted to 18 ml. 
with water and respiration was measured manometrically at 33° in the 
usual manner. At time intervals of 0, 20, and 30 minutes, a flask was 
removed for analysis. The enzymatic reaction was stopped by the ad- 
dition of H,SO, to pH 1.5, the precipitated protein was removed by cen- 
trifugation, and the organic acids were determined by partition chroma- 
tography on silica gel by the method of Isherwood (3) as modified by 
Zbinovsky (4). The various acid fractions were collected, oxidized to 
CO,, and counted as BaCO; to determine the specific radioactivity. All 
the figures representing significant activity were calculated from samples 
tanging from 1500 to 8000 counts per 15 minute interval compared to a 
background of 355 + 23 counts. Geometry and self-absorption correc- 

Results 

Data are presented in Table I for the analysis of acetate, citrate, 

and succinate at 0, 20, and 30 minutes. The experimentally determined 
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amount of each product is given in micromoles per reaction flask and the 
radioactivity in counts per micromole of compound. The flask used for 
the 0 minute determination underwent a delay of 2 or 3 minutes before 
the reaction was stopped by acidification, and some incorporation of ace- 
tate into citrate had taken place by the time the protein was precipitated. 
There also was some volatile acid in the Azotobacter extract that caused 
the acetic acid determinations to be high. In the chromatographic sepa- 
ration of organic acids, any of the fatty acids higher than acetic acid were 
determined in the same fraction as acetic acid. Likewise there was a 
small amount of non-volatile acid from the extract that augmented the 
succinic acid determination. These acids were found in varying small 
quantities in all the extracts studied, but were not positively identified. 


Taste I 
Specific Activity of Citrate and Succinate in Presence of CH,C*OOH 
Products found 
Compound 
0 min. 20min. min. 
pu | ue | per 
101 2.60 75 1.70 | 92 1.12 
110 0.56 51 | 31 1.74 
19 0.08 6 0.52 91 «0.80 
CO; (estimated) ........... by | 56 | 
| | 82 80 | 87 | 72 


Carbon dioxide was not determined but was estimated from the uptake of 
oxygen, since the respiratory quotients for both acetate and citrate oxida- 
tion in this system uniformly averaged about 1.0. The carbon recoveries 
of 82 and 87 per cent, based on the original carbon found at 0 minutes, 
are reasonable considering the small quantities analyzed and indicate 
that most of the gross chemical changes taking place are accounted for. 
It is likely that some of the carbon was tied up in pyruvic and a-keto- 
glutaric acids during the reaction. The recoveries of C™ of 80 and 72 
per cent correspond satisfactorily with the carbon found when one con- 
siders that the CO, evolved was not counted. 

It appears from these data that citric acid was converted to succinic 
acid which was rapidly increasing with time, as can be noted by comparing 
the decrease of citrate from 110 to 31 um to the increase in succinate from 
19 to 91 um in 30 minutes. At the same time acetate was steadily and 
rapidly incorporated into citrate, as is evident by comparing the quick 
increase in radioactivity per micromoles of citrate in 20 minutes. The 
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incorporation of C™ in citrate was followed by a more gradual increase in 
succinate; namely, 0.52 count per micromole per minute at 20 minutes, 
increasing to 0.80 at the 30 minute determination. The data indicate 
that the major pathway of acetate oxidation appears to be via citrate 
followed by succinate. Additional acetic acid was formed during the 
course of the experiment, as is evident both from the dilution of radio- 
activity and from the fact that there was somewhat more acetate found at 
30 minutes than at the 20 minute interval. 

Further experiments with carboxyl-tagged acetate were made in the 
presence of a-ketoglutaric and oxalacetic acids. The reactions were car- 
ried out in the large, manometric flasks with 100 us of the keto acid in the 
presence of 100 um of acetate-1-C". The total amount of C™ added to 


Taste Il 
Incorporation of C'*-Acetate in a-Ketoglutarate with Azotobacter Extract 
Time, 20 minutes. 


Experiment | Experiment 2 
| Product found Product found 
| | ver 
oKetoglutarate + a-Ketoglutarate 77 203 
acetate Pyruvate 5 fa 2 4 
Oxalacetate + C'*-ace- | a-Ketoglutarate 38 73s | 
tate Pyruvate 13 6 | | 


each flask was approximately 0.2 wc. The reaction was allowed to pro- 
ceed for 20 minutes and was stopped by the addition of H,SO, to pH 1.5 
as before. The keto acids were determined by the method of Friedemann 
and Haugen (5) by preparing the 2,4-dinitrophenylhydrazine derivatives 
and chromatographing on silica gel, according to the method of R. A. 
Bomstein (personal communication). 

The determination of radioactivity was made directly on the phenyl- 
hydrazones so that the counts cannot be compared directly with the orig- 
inal acetate. However, the incorporation of C“ from the carboxyl group 
of acetate into a-ketoglutarate is clearly shown in the data presented in 
Table II. Control flasks in which the acetate-1-C" was added directly 
to reactants in the presence of H,SO, were also chromatographed and 
none of the keto acid gave counts significantly higher than background. 
The results are shown for two experiments with a-ketoglutarate and one 
with oxalacetate. In Experiment 1, the extract used (No. 16J,) had a 
low oxidative activity for a-ketoglutarate compared to citrate or acetate, 


# 
f 
* 
7 


224 ACETATE IN CITRIC ACID CYCLE 


so that there was ample opportunity for this keto acid to accumulate. It 
can be noted that carboxyl carbon from acetate was rapidly incorporated 
into a-ketoglutarate as shown by the value of 203 c.p.m. per mg. of the 
phenylhydrazone compared to 5 counts for the similar salt of pyruvate. 
When C“-acetate was added in the presence of oxalacetate, a-ketoglutarate 
showed a significant accumulation during the 20 minute interval, and the 
phenylhydrazone was also found to contain a significantly higher amount 
of C™ than the corresponding salt of pyruvate. There was not sufficient 
oxalacetate remaining after 20 minutes to be determined. 

A second experiment with another extract (No. 17J,) which had a higher 
activity for a-ketoglutarate, although less active on acetate, also showed a 
significant amount of carbon incorporated in the a-ketoglutarate mole- 
cule compared to pyruvate. It is clear from these experiments that acetic 
acid was oxidized by a pathway that involved a-ketoglutaric acid, and 
that carboxyl carbon of acetate appeared in a-ketoglutarate before it was 
found in pyruvate. 


DISCUSSION 


Four observations concerning the pathway of acetate oxidation by 
cell-free Azotobacter extracts supplement the evidence of manometric ex- 
periments, indicating that acetate is oxidized by means of the citric acid 
cycle. 

1. Carboxyl-carbon of acetate is rapidly incorporated in citrate. 

2. Incorporation of C™ in citrate is followed by its appearance in suc- 
cinate. 

3. Carboxyl carbon of acetate is found in a-ketoglutarate. 

4. a-Ketoglutarate accumulates when acetate is oxidized in the pres- 
ence of oxalacetate by an extract low in a-ketoglutarate-oxidizing ability. 
All these observations fit into the classic scheme of the citric acid cycle 
as proposed by Krebs (6), and no other currently accepted mechanism 
adequately explains the results. A C:-C: condensation, such as might 
take place by two acetic acid residues condensing to form a 4-carbon unit 
as with the Rhizopus mold studied by Foster et al. (7), cannot function 
here as a principal pathway, since C“ from acetate builds up first in the 
citrate molecule, followed by its appearance in succinate. Furthermore 
the rapid appearance of acetate in a-ketoglutarate is explained most simply 
on the basis of the citric acid cycle. The possibility of a C2-C2 or C:-Cs 
condensation is not excluded by these experiments; however, the C:-C, 
condensation of the citric acid cycle is sufficient to explain any synthesis 
that has been recorded. This interpretation is in contradiction to the 
conclusion of Karlsson and Barker (8) that another species of Azotobacter, 
A. agile, does not oxidize acetate by means of the citric acid cycle. Their 
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conclusions were based on data obtained with the intact cell, and other 
effects may have obscured the true metabolic picture. 

The formation of additional acetic acid during oxidation can be ex- 
plained by the normal operation of the citric acid cycle in the presence of 
an excess of one of the cycle acids if we assume that the coupling reaction 
which condenses the 2-C acetic acid residue with a 4-C molecule (9) may 
act as the limiting step in the series. Under these conditions citric acid 
would be subject to oxidation to oxalacetate faster than the latter com- 
pound could be removed by the condensing enzyme. Then the excess 
oxalacetate would be subject to decarboxylation to pyruvate by oxalace- 
tate decarboxylase and the pyruvate oxidized further to acetate. Such 
a mechanism would result in dilution of the active acetate by inactive 
carbon from the citrate pool. 


Carboxyl-tagged acetate was shown to be incorporated rapidly in citrate, 
followed by its appearance in succinate when oxidized by Azotobacter ex- 
tracts. Incorporation was also shown in a-ketoglutarate providing sup- 
port for the view that the reactions of the citric acid cycle represent the 
main pathway of oxidation in Azotobacter vinelandii. 


The authors wish to express their appreciation to Professors David E. 
Green, Henry A. Lardy, and their associates of the Institute for Enzyme 
Research for the many courtesies extended during the course of this re- 
search. 
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THE CHEMICAL ESTIMATION OF TYROSINE AND TYRAMINE 
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(Received for publication, January 12, 1952) 
Chemical Estimation of Tyrosine and Tyramine 

The interaction of 1-nitroso-2-naphthol and tyrosine to yield a red com- 
pound has long been used as a test for this amino acid in biological ex- 
tracts. This reaction has been used for the quantitative determination of 
tyrosine (1-3), but it is not satisfactory because the red derivative is un- 
stable. Further investigation of the reaction in this laboratory has shown 
that the red compound derived from both tyrosine and tyramine gives 
rise, when heated in nitric acid solution, to a stable yellow substance which 
can be separated from excess nitrosonaphthol. With the use of this re- 
action, sensitive and reproducible methods for the assay of tyrosine and 
tyramine in biological material have been developed. 

Chemistry of Reaction 


Under appropriate conditions, 1-nitroso-2-naphthol reacts with tyro- 
sine, tyramine, and many other substituted phenols to yield red-colored 
derivatives. These products rapidly change to stable yellow substances 
from which the excess reagent can be separated by extraction into ethylene 
dichloride or chloroform. The tyrosine and tyramine derivatives were 
prepared to determine some of their physical and chemical properties. 

Tyramine Derivative—1 gm. of tyramine hydrochloride and 2 gm. of 
1-nitroso-2-naphthol were dissolved in 250 ml. of ethanol. To this were 
added 150 ml. of 2 N nitric acid. The mixture was heated at 55° for 3 
hours and cooled. Excess nitrosonaphthol was removed by three extrac- 
tions with 150 ml. portions of chloroform. An equal volume of water 
was added, whereupon crystals appeared. These were washed with water, 
dissolved in 90 per cent alcohol, and recrystallized by the addition of 
ether to yield 225 mg. of orange crystals; m.p. 236-237°. The compound 
was readily soluble in hot water and in alcohol, relatively insoluble in 
ether and in chloroform. It could not be extracted from water into chloro- 
form until bicarbonate was added, suggesting that the crystalline com- 
pound was a nitric acid salt. The absorption spectrum of the derivative 
is presented in Fig. 1. Elementary analysis of the salt indicated that 1 


* Public Health Service Research Fellow of the National Institutes of Health. 
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mole equivalent each of tyramine and nitrosonaphthol had combined with 
the loss of 1 mole of water. 


CisHisO:N;HNO,. Calculated. C 60.85, H 4.79, N 11.83 
Found. 60.97, “ 4.60, 11.74 


The salt-like nature of the compound indicates that the amino group is 
free; therefore it is not involved in the reaction with nitrosonaphthol. 
This is further indicated by the fact that compounds in which the amino 
group is protected or absent, for example N-acetyltyrosine, p-hydroxy- 
cinnamic, and p-hydroxymandelic acids, also react with nitrosonaphthol. 
On the other hand, ring-substituted derivatives such as 3 , 5-diiodotyrosine 
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and the nitration products of tyrosine do not react with nitrosonaphthol. 
This suggests that nitrosonaphthol substitutes on the ring. 

Tyrosine Derivative—To 200 mg. of 1-nitroso-2-naphthol dissolved in 
150 ml. of ethanol were added 80 mg. of L-tyrosine dissolved in 300 ml. of 
1 m nitric acid. The mixture was heated at 55° for 2 hours, cooled, and 
extracted four times with 500 ml. portions of ethylene dichloride to remove 
excess nitrosonaphthol. The nitrosonaphthol derivative was then ex- 
tracted into 250 ml. of n-butanol, which was washed twice with equal 
volumes of water to remove dissolved acid. 1 liter of n-heptane was 
added to the n-butanol and the mixture was extracted with 200 ml. of 
water. Orange crystals appeared in the aqueous layer. These were col- 
lected on a sintered glass filter and washed with water. The moist crys 
tals were readily soluble in water. The absorption spectrum was qualita- 
tively the same as that of the isolated nitrosonaphthol tyramine derivative 
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(Fig. 1). When dried in vacuo, the material was no longer easily sol- 
uble in water and displayed a changed absorption spectrum, indicating 
that a chemical change had occurred. 


Analytical Procedure 
Reagents— 
1-Nitroso-2-naphthol—0.1 per cent 1-nitroso-2-naphthol! in 95 per cent 
alcohol. 
Nitric Acid Reagen#—1:5 nitric acid containing 0.5 mg. per ml. of 
NaNO. 


Procedure 


To 1.0 ml. of plasma or tissue extract are added 3.0 ml. of water and 
1.0 ml. of 30 per cent trichloroacetic acid and the mixture is centrifuged 
after 10 minutes. To 2 ml.’ of the deproteinized plasma, tissue extract, 
or protein hydrolysate containing 0.03 to 0.80 um of tyrosine or tyramine‘ 
in a glass-stoppered centrifuge tube, are added 1 ml. each of the nitroso- 
naphthol and the nitric acid reagents. The tube is stoppered, placed in a 
water bath at 55° for 30 minutes, and cooled. 10 ml. of ethylene dichlo- 
ride are added, and the tube is shaken to extract the unchanged nitroso- 
naphthol. The tube is then centrifuged at low speed and the supernatant 
aqueous layer is transferred to a cuvette. The optical density is deter- 
mined at 450 my in a spectrophotometer or photoelectric colorimeter. 
No change in reading was observed after the solution remained overnight 
at room temperature. The optical densities are proportional to the con- 
centration, at least up to 0.8 um of tyrosine or tyramine. 

Standards are prepared by treating known amounts of tyrosine or ty- 
ramine with nitrosonaphthol in the same manner as the unknown samples. 
For any particular series of determinations, the values obtained are highly 


' The practical grade of 1-nitroso-2-naphthol (Eastman Kodak Company) can be 
used without purification. 

* Trichloroacetic acid filtrates inhibit the formation of the nitrosonaphthol deriva- 
tive unless freshly diluted nitric acid is used. It was found that traces of nitrite 
overcome this inhibition. 

*If samples smaller than 2 ml. are used, the volume is made up to 2 ml. with 
distilled water. : 

‘ Considerable and variable amounts of tyramine are lost during precipitation of 
proteins with trichloroacetic acid. Reproducible results can be obtained by extrac- 
tion of the tyramine at pH 9.6 into 10 volumes of isoamyl alcohol. Under these 
conditions about 85 per cent of the tyramine is extracted. To an aliquot of the 
solvent is added an equal volume of n-heptane, and the tyramine is returned to an 
aqueous phase by shaking the solution with 0.2 nN HCl. A portion of the acid extract 
is then used for the reaction with nitrosonaphthol. 
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reproducible. However, standards are run with each set of determinations 
since there is a small daily variation in the optical densities. 

An optical density of about 0.206 is obtained with the Beckman spectro- 
photometer when 0.1 um of tyramine is carried through the procedure, 
However, 0.1 um of the nitrosonaphthol-tyramine derivative, dissolved 
in the same final volume, has an optical density of about 0.343. There 
are two reasons for the low value, about 60 per cent of theoretical, ob- 
tained in the procedure: first, about 20 per cent of the nitrosonaphthol 
derivative is removed by the ethylene dichloride used to remove the excess 
nitrosonaphthol; second, about 20 per cent of the tyramine is nitrated 
and no longer reacts with the nitrosonaphthol. The nitrotyramine in 
the mixture was measured after extraction, at pH 8, of the nitrosonaphthol 
derivative with ethylene dichloride. The residual aqueous phase was 
made strongly alkaline and its optical density compared with that of a 
known amount of nitrotyramine prepared by the nitration of tyramine 
according to Snell and Snell (4). 

When tyrosine is carried through the procedure, the resulting optical 
density is only about 57 per cent of the theoretical value, assuming that 
the molecular extinction coefficients of the nitrosonaphthol derivatives of 
tyrosine and tyramine are the same. The losses for the tyrosine derivative 
can also be satisfactorily accounted for. About 27 per cent of the tyrosine 
undergoes nitration and about 19 per cent of the nitrosonaphthol deriva- 
tive is removed by the ethylene dichloride extraction. 


Results 


Recovery from Tissues—Tyrosine, when added to plasma or liver homo- 
genates in amounts greater than 0.3 um, was recovered with adequate 
accuracy (Table I). Below 0.3 uM, recoveries were somewhat low, pre- 
sumably because of coprecipitation with proteins. 


Specificity 

The method does not distinguish between tyrosine and tyramine. How- 
ever, the amount of tyramine normally present in tissues is negligible, if 
it is present at all. Tissues contain other non-tyrosine material which 
reacts with nitrosonaphthol to yield colored derivatives. A sample of 
pooled human plasma was analyzed for tyrosine as described in the analyt- 
ical procedure. The absorption spectrum of the nitrosonaphthol chromo- 
phore differed considerably from that of the prepared tyrosine derivative. 
It is obvious from this result that the method, as applied to plasma, is 
not specific. However, it was shown to be more specific than other chem- 
ical procedures for tyrosine assay. A comparison of the apparent tyrosine 
content of a rat liver homogenate, as measured by the nitrosonaphthol 
method and by a number of other methods, is shown in Table II. The 
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; nitrosonaphthol procedure gave the lowest value, indicating that this 
method excluded much non-tyrosine material measured by the other 


procedures. 
Protein Hydrolysates—Tryptophan and cysteine, but none of the other 


I 
Recovery of Tyrosine from Plasma and Liver Homogenate 


Tissue | Tyrosine added Tyrosine found | ‘Recovery per cent 
| 
| ee... 
Plasma (human)* | 0.00 | 0.067 
0.10 0.154 87 
0.167 100 
5 0.30 | 0.327 87 
| 0.317 83 
1.00 0.997 93 
1.03 96 
3.00 2.84 92 
| 3.00 99 
4.97 98 
f | | 5.03 99 
, Liver (rat)t 0.00 0.076 
0.10 0.168 92 
0.151 S4 
0.30 0.347 
| 0.327 87 
0.60 0.607 90 
0.617 92 
1.00 1.02 95 
0.967 90 
3.00 2.80 91 
3.09 101 
5.00 4.90 97 
4.99 98 


* 0.5 ml. of pooled plasma was taken for each analysis. 

t 10 gm. of liver were homogenized in 23 ml. of water and the homogenate was 
centrifuged for 1 hour in the Servall centrifuge at 13,000 r.p.m. 0.5 ml. samples 
were taken for each analysis. 


normally occurring amino acids, give a slight color with nitrosonaphthol. 
However, negligible quantities of these amino acids are present in acid 
hydrolysates of proteins. 

Samples of bovine serum albumin (Lot H10510) and lysozyme (Lot 
00341), obtained from the Armour Laboratories, were hydrolyzed in 6 N 
HCl, at 115°, in sealed tubes for 16 hours. Aliquots of the hydrolysates 
were analyzed for tyrosine. Separate samples of the proteins were dried 
at 110° to correct for moisture content. The tyrosine values for these 
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two proteins, as shown in Table III, agree well with the values reported 
by other investigators. 

Sensitivity—The relative sensitivities of various methods for the deter. 
mination of tyrosine are presented in Table II. Only the Folin-Ciocaltey 
method has a higher sensitivity. 


Taste II 
Relative Sensitivity and Specificity of Various Procedures for Determination of 
Tyrosine 
Procedure | | gm. of rat liver 
wat per X 108 | 
Pauly-Weiss modification (5)................ | 3.9 | 4.58 
Folin-Ciocalteu modification (6)............. | 13.9 | 10.4 
| 3.6 | 0.55t 


The figures in parentheses represent bibliographic references. 

* Absorption was measured in the Beckman spectrophotometer at the wave- 
length suggested in the description of each of the procedures. 

t High concentrations of trichloroacetic acid inhibit the Millon reaction. In 
this case, proteins were removed with tungstic acid, as suggested in the procedure. 


Taste III 
Tyrosine in Proteins 
Protein | Procedure Tyrosine 4d gm. of 
om. 
Bovine serum albumin Nitrosonaphthol 5.31 + 0.10 
Chromatographic (8) 5.06 
Isotopic (9) Be 
Millon (10) 
Microbiological (11) 5.3 
Lysozyme Nitrosonaphthol 4.08 + 0.09 
Chromatographic (12) 3.8 


The figures in parentheses represent bibliographic references. 


It has been shown that tyramine and nitrosonaphthol react mole for 
mole, with loss of water, to form a stable yellow compound. However, 
the exact nature of the reaction remains to be determined. When applied 
to the estimation of normally occurring tyrosine in tissues, the reaction 
includes non-tyrosine material in the measurement. It is, however, more 
specific than previously used chemical methods. At present the method 
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is best suited to metabolic studies which involve the assay of tyrosine or 
tyramine in tissues to which the compounds or their precursors have been 
added in relatively large amount. It has been used successfully in this 
laboratory to study the enzymatic conversion of phenylalanine to tyrosine 
(13). 

There appears to be little, if any, interference by other substances when 
the method is applied to the estimation of tyrosine in acid protein hydro- 
lysates. Although a number of methods are available for the determina- 
tion of tyrosine in protein hydrolysates, none combine the simplicity 
and accuracy of this procedure. Chromatographic, microbiological, and 
isotope dilution procedures are specific and accurate, but are far from 
simple to carry out. The Millon reaction is reliable and relatively simple 
but is empirical and requires internal standards with each analysis, since 
many substances, including chloride and phosphate, interfere. 


1. 1-Nitroso-2-naphthol reacts with both tyrosine and tyramine to form 
a red-colored product which gradually changes to a stable yellow chromo- 
phore 


2. The yellow compound obtained by treating tyramine with nitroso- 
naphthol has been isolated. Analysis indicates it to be the product of 
combination of 1 mole equivalent of each with the loss of 1 mole of water. 

3. This reaction has been applied to the determination of tyrosine and 
tyramine in tissues and to the determination of tyrosine in protein hy- 
drolysates. 

4. New determinations of the tyrosine content of bovine serum albumin 
and of lysozyme are reported. 
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Histaminase activity is known to be widely distributed in animal tissues 
(1). Its distribution, however, has been defined only by methods of an 
approximate nature, inappropriate to the study of physiological variation 
or of cytological localization. In part the lack of suitably precise methods 
may be ascribed to the low levels of activity that are encountered even in 
the richest tissues (2). Additional and more basic limitations in method- 
ology have arisen from the activation and inhibition of histaminase by its 
own substrate. The former is evidenced by the lack of an observable 
reaction rate during a period of 1 to 5 hours after histamine is added to a 
fresh tissue homogenate (3); the latter is seen in the depression of the 
maximal reaction rate that results from an increase in histamine con- 
centration (4). 

Control of these effects has been attained by preliminary dialysis and 
by reduction in the temperature of reaction. These results are of physio- 
logical as well as analytical interest since they suggest that the enzyme in 
the tissues may exist in a functional state different from the activated 
and stabilized form into which it is brought for the purpose of assay. In 
the present work this matter has been investigated only to the extent 
required to define a precise measure of an activity that would remain un- 
changed in the total as it became divided among various fractions of tissue 
by differential extraction and centrifugation. This measure has been used 
to establish quantitative comparison between the concentrations of his- 
taminase activity in the tissues of a number of animal species and to de- 
termine the partition of activity among the subcellular components of an 
especially rich source, the rabbit liver. 

Analytical Procedure—After passage through a tissue press, the pulp 
is weighed in a tared homogenizer tube, homogenized with 5 volumes of 
phosphate buffer (pH 7.3, u 0.2), and then washed into cellophane casing 
for dialysis at 0° against six changes of the same buffer with a few drops 
of octyl alcohol added as a preservative. 48 hours later the tissue is 
washed into a graduated cylinder and diluted with buffer to a final con- 
centration of 80 to 200 mg. of wet tissue per ml. Conway units (5) are 

* Fellow in Cancer Research of the American Cancer Society, as recommended by 
the Committee on Growth of the National Research Council. 
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prepared for the analysis by coating the outer chambers with a film of 
vaseline; this allows the enzyme and substrate to be kept separate during 
a preliminary period of temperature equilibration. An accurate sample 
of 1 ml. volume is then taken from the vigorously stirred suspension of 
tissue particles, transferred to one side of the outer chamber of a Conway 
unit, and 1 drop of octyl alcohol is added. Into the other side, 1 ml. of 
either 0.03 m histamine dihydrochloride’ in buffer, or a blank of buffer 
alone, is pipetted with care to keep it separate from the tissue. The unit 
is closed with a glass plate that has been greased with Silicone (6), and 
placed in a water bath at 10 + 0.01°; after 20 minutes of equilibration it 
is tilted to mix the solutions and initiate the enzymatic reaction. At 
the end of 24 hours (48 hours for samples of very low activity), the re- 
action is terminated by the addition of saturated potassium metaborate 
(6). After the ammonia has diffused into the boric acid, it is titrated with 
0.020 n HCl as previously outlined (6). 

The temperature of 10° proved to be convenient for determination of 
histaminase activity since at this temperature the reaction velocity is 
independent of histamine concentration over the range of 2.5 X 10° to 
1.0 X 10-' m. The reduction in reaction velocity due to the lowered 
temperature does not affect the sensitivity of the determination since an 
increased yield of ammonia can be obtained merely by extension of the 
time of digestion; even after 54 hours, which was the longest period inves- 
tigated, the digestion continued at a constant rate (Fig. 1). Since the 
temperature coefficient of the reaction is 12 per cent per degree (activation 
energy 19,300 calories per degree per mole), it is necessary to control the 
temperature to about 0.01° in order to obtain the precision allowable by 
other factors. 

1 unit of histaminase activity is defined as the quantity capable of 
catalyzing the release of NH; at the rate of 1 wm per 24 hours at 10°. If 
V, and V;, are the volumes in ml. of 0.020 n HCl required for the titra- 
tion of the sample and the blank, respectively, and ¢ is the time measured 
in periods of 24 hours, the number of enzyme units is given as u = 20 
(Vs — Vz)/t. The ammonia contributed by histamine should be neg- 
ligible after purification of the compound and is ignored in this calculation; 
the purity of the product should be proved by analysis of each new prepa- 
ration of substrate. 

The average reaction velocity of a dialyzed pig kidney cortex homo- 
genate, diluted to give concentrations from 50 to 300 mg. per ml., was 
directly proportional to the concentration of the homogenate after both 

1 Histamine, as obtained commercially, is too heavily contaminated with am- 


monia to be used in this method. Recrystallization, according to the procedure 
described for tyramine (6), yields a satisfactory product. 


i 
i 


G. C. COTZIAS AND V. P. DOLE 237 


12 and 24 hours of incubation. The effect of pH was slight; with pig 
kidney the reaction velocity was found to vary by less than 10 per cent 


2.50 


2.25 


Dialyzed 


Undialyzed 


10 20 3 40 60 


Time in hours 
Fic. 1. Proportionality between the rate of ammonia formation and the time of 
digestion with dialyzed and undialyzed pig kidney cortex homogenates. Note that 
the deamination by the undialyzed homogenate displays an induction period. 


between pH 6 and 8 with a maximum near 7.3. Preliminary dialysis 
of the homogenate reduced the blank values to about 10 per cent of those 
given by an untreated homogenate; this small residual blank was rela- 
tively independent of the time of incubation. 
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The precision of the measurement was tested by the analysis of twenty- 
four separate aliquots from a pig kidney homogenate (about 200 mg. per 
ml.) which were dialyzed, diluted, and analyzed separately in the routine 
fashion. The ammonia evolved from deamination of histamine was es- 
timated with a mean and standard deviation of 0.605 + 0.005 um. 

Effects of Temperature and Substrate Concentration—Fig. 2 shows the 
relation between average reaction velocity and temperature, plotted with 
a logarithmic ordinate and a hyperbolic abscissa, so that the usual pro- 
portional relationship between logarithm of reaction velocity and reciprocal 
of absolute temperature appears on this chart as a straight line. Such a 
linear function prevailed at temperatures below 12°; at higher tempera- 
tures, however, the reaction velocity failed to increase at the rate predicted 
by the linear function. This depression of the reaction velocity at higher 
temperatures was more marked with increase in the concentration of hist- 
amine throughout the concentration range, and thus exhibited the in- 
hibition of the enzyme by its substrate as a temperature-dependent process, 
Below the temperature of 12° the average reaction velocity was almost 
independent of the substrate concentration. A similar phenomenon was 
encountered in an earlier study of monoamine oxidase (6). 

Effects of Dialysis—Mixture of an untreated homogenate with histamine 
is followed by a latent period of 1 to 5 hours during which little or no am- 
monia is produced (Fig. 1). This delay in reaction, first described by 
Best and McHenry (3), varies with the nature of the tissue and the dilu- 
tion of the homogenate. However, when the homogenate has been sub- 
jected to a preliminary dialysis of 18 or more hours against phosphate 
buffer (pH 7.3, « 0.2), this phenomenon is not observed; the reaction starts 
immediately after mixture with the substrate and continues at a constant 
rate. A similar activation of urinary histaminase by dialysis has been 
described by Werle (7). 

Zeller et al. (8) have demonstrated that histaminase consists of a protein 
and a flavin-containing prosthetic group, which was subsequently charac- 
terized by Kapeller-Adler (9) as a flavin-adenine dinucleotide. Since it 
is known that this group can be removed by dialysis of purified histaminase 
preparations and that the lost activity can be restored by addition of the 
concentrated dialysate (10) or the pure dinucleotide (9), the possible loss 
of dinucleotide during dialysis of tissue homogenates was investigated. 
Addition of a concentrated heated yeast extract (11) to dialyzed homo- 
genates of pig kidney not only failed to increase histaminase activity, 
but actually caused a 25 per cent reduction in activity. This negative 
result was not due to lack of active flavin-adenine dinucleotide, since the 
extract was capable of producing a 7-fold increase of the p-amino acid 
oxidase activity of the same dialyzed pig kidney preparation. 
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As an additional control, another homogenate of pig kidney was prepared 
and ten aliquots thereof were separately dialyzed. At intervals ranging 
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Fig. 2. Rate of ammonia formation from histamine as a function of temperature. 
Three different concentrations of histamine were used. The ordinate is a logarithmic 
and the abscissa a hyperbolic scale, proportional to the reciprocal of the absolute 


temperature. 


from 19 to 86 hours, individual aliquots were removed, made up to a con- 
stant volume, and stored at 0° with a few drops of octyl alcohol added as 
a preservative. After completion of the longest dialysis, the aliquots were 
tested for histaminase activity; the ammonia recovered from the deamina- 
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tion of histamine was 0.182 + 0.004 um. The variance in this series 
was not greater than the variance of replication; the measured activity, 
therefore, was unaffected by extension of the time of dialysis, thus dem- 
onstrating that the prosthetic group was not progressively removed by 
dialysis, under the conditions specified. 

Distribution of Histaminase Activity in Animal Tissues—It has been 
known from previous work (1) that this activity is widely distributed 
among the tissues of different animal species. These results were con- 
firmed and, in addition, it was found that significant quantities could be 
demonstrated in many tissues which have been reported to contain little 
or no histaminase activity; namely, the liver of the rabbit and the pig, 
the kidney of the rabbit and the rat, and the lung of the guinea pig and 


I 
Distribution of Histaminase in Tissues of Animals 
Histaminase, unit« per gm. wet tissue 
Liver Spleen {atestine | Lung | Heart | Brain 

Rabbit............ 6.53 1.34 | 3.35 | | 2.52 | 4.90 
Guinea pig......... 1.88 0.44 £1.54 0.60 | 1.30 | 0.73 O 
0.30 | 3.00 | 8.25 | 2.52 | 0.93 | 0.72 
Mouse........... 0.82 0.74 3.06" 1.17 | 0.73 1.30 


* Whole small intestine analyzed. 


the rat (Table I). As a result of this investigation, which showed the 
rabbit liver to contain the enzyme in sufficient quantity, this tissue was 
chosen for a more detailed examination of the intracellular distribution of 
histaminase activity. 

Fractionation of the tissue at 0° was effected by dispersion in 0.88 m 
sucrose and differential centrifugation; this procedure, a modification of 
the method of Hogeboom et al. (12), has been described in a previous 
publication (13). Special care was taken in the present work to make all 
manipulations as rapid and gentle as possible in order to minimize elution 
of this very soluble enzyme system (1,4) from any association with cellular 
particles. At the completion of the procedure the tissue had been sepa- 
rated into three fractions: M (free, washed mitochondria), N (unbroken 
cells, nuclei, vascular and connective tissue elements that had passed 
through the screen of an Altmann press), and S (soluble substances and 
microsomes). Each fraction and a sample of the original homogenate 
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were analyzed for enzymatic activity and nitrogen; the fact that the 
values for the fractions totaled that of the homogenate was a check against 
inactivation of the enzyme or loss of tissue. 

The mean values from two independent fractionations of a rabbit liver 
are shown in Table II. The separated mitochondria, as compared with 
the original homogenate, were found to have over 3-fold greater enzymatic 
activity relative to the nitrogen content. However, only 12 per cent of 
the nitrogen was recovered in this fraction; concomitantly, only 39 per 
cent of the total activity appeared in Fraction M. Fraction N, which 
held the largest portion of total activity, was seen to contain a moderate 
number of mitochondria in the unbroken cells and cellular fragments. 
Whether these particles might account for the activity of Fraction N or 


II 
Intracellular Distribution of Histaminase in Rabbit Liver 
The fractions are those obtained by differential centrifugation in 0.88 m sucrose, 
analyzed after dialysis; the numbers are ee of two independent fractionations 
of the same liver. 


Units per | Percent mmofN Percent | Units | Per cent 
Fraction gm. wet homo- per homo- enzyme | homo- 
tissue genate wet genate permm N_ genate 
3.77 39.0 0.303 12.4 12.3 310 
1.80 18.5 1.225 50.2 1.46 37 
9.65 | 99.5 2.382 97.6 
Homogenate................ 9.70 2.440 3.97 


whether a part of the activity must be ascribed to some other particulate 
component remains undetermined. In either case the mitochondria must 
be regarded as a major site of accumulation, conforming to the precedent 
established by a similar localization of other enzymes that effect oxi- 
dative deamination, namely p-amino acid oxidase (14) and monoamine 
oxidase (13). 


1. A method is described for the precise determination of histaminase 
activity in tissue extracts. This procedure eliminates the complications 
that arise from activation and inhibition of histaminase by histamine. 

2. Application of this procedure to a variety of organs from different 
animal species revealed that the enzymatic activity is present in a number 
of tissues which were supposed to lack this activity or to contain only 
unmeasurable traces. 


SUMMARY 


3. Fractionation of the rabbit liver, a rich source of enzyme, showed 
that the enzyme is predominantly associated with particulate components 
of the cells. Of these the mitochondria were notable because of a 3-fold 
concentration of activity. 
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Slices of rabbit liver metabolize testosterone to A‘-androstene-3 , 17-dione, 
epitestosterone, and other unidentified metabolites (2). The same reac- 
tions have been shown to take place with homogenates of the liver and 
also of the kidneys of the rabbit. 


Procedure 


The liver and kidneys were removed aseptically from non-fasted adult 
male rabbits, weighing 2.7 to 4.5 kilos, which were anesthetized with Dial- 
urethane. The homogenate! of the tissues was prepared by mixing the 
tissue, testosterone,? and 50 ml. of the Ringer’s phosphate buffer in the 
Waring blendor for 2 minutes. The mixture was transferred to a Fern- 
bach flask with another 50 ml. of buffer and incubated at 37° for 24 hours. 
The entire procedure was carried out with sterile precaution. The buffer 
and glassware were chilled in the refrigerator prior to use. 

The extraction and isolation procedures for the steroids were as previ- 
ously described (2). 


Results 


Control Experiments—Three 8 gm. portions of liver were homogenized 
and each incubated with 100 ml. of the buffer solution for 2} hours. At 


* This investigation was supported by a grant from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council. 
Part of the data was reported at the meetings of the Federation of American Societies 
for Experimental Biology (1). 

t Present address, Oklahoma Medical Research Institute, 825 North East 13th 
Street, Oklahoma City 4, Oklahoma. 

$ Part of the data was taken from a thesis submitted by J. Gongora in June, 1949, 
to the Graduate School of The University of Rochester in partial fulfilment of the 
requirements for the degree of Master of Science. 

‘It should be noted that the break-up of tissue in the Waring blendor is more 
drastic than by the now accepted method of preparation of homogenates (3), but 
intact cells occasionally are observed on examination under the microscope. 
ae steroids used in this study were generously supplied by Ciba Pharmaceutical 

cts, Inc. 
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the end of the incubation period 100 mg. of testosterone, dissolved in 1 liter 
of alcohol, were added to each flask and the mixture carried through the 
detailed extraction and isolation procedure (2). The ketonic fraction 
yielded 278 mg. of testosterone, m.p. 151—-152°, which represented a recov- 
ery of 93 per cent. The acetate and oxime were prepared. The non-ke- 
tonic fraction yielded 160 mg. of cholesterol, m.p. 143-145°. The acetate 
was prepared. Melting points and mixed melting points confirmed the 
identity of these compounds. 

No other steroids were isolated or indicated by the color tests (4, 5). 


TaBLe I 
Metabolism of Testosterone by Rabbit Liver Homogenate 


Control | Experiment 1 | Experiment 2 | Experiment 3 | Gusts” 


Incubation 
Tissue 3 X 8000 2 X 8000 |_3 X 10,000 2 x 10,000*° 6 x 10,000 
Testosterone 3x 1 2x 100 (3 X 100 2x 150 6 xX 150 
Steroids isolated 
Testosterone 278 | 93 143 | 72 239 80 253 | 729°C 
4‘-Androstene- 18 9 31 10 32 11 29 3 
3,17-dione 
Epitestosterone 4 2 6 2 5 2 12 l 
Cholesterol 160 180 202 | 138 


* The tissue and testosterone in each experiment were mixed in the Waring 
blendor with 50 ml. of sterile distilled water and transferred to the Fernbach flask 
with double strength Ringer’s phosphate buffer. 


Liver—The metabolites formed were A‘-androstene-3 ,17-dione and epi- 
testosterone (Table I). The recovered testosterone plus the metabolites 
accounted for 83 to 97 per cent of the added testosterone. 

Variations in the ratio of hormone to wet weight of tissue in the incuba- 
tion from 1:66 to 1:100 or the use of water (Experiment 3) instead of buffer 
in the preparation of the homogenate did not alter the results. The lower 
yield of metabolites in Experiment 4 was very likely due to a greater loss 
of these products during the final isolation procedure. A number of oily 
fractions gave color tests for the 17-keto (4) and the 17-hydroxy]l groups 
(5) but failed to yield crystalline materials. 

The non-ketonic fractions yielded no metabolites. The naturally occur- 
ring cholesterol was readily isolated and in Experiment 4 a few mg. of 
testosterone were found in this fraction. 

Kidney—The results with kidney homogenates (Table II) were identical 
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with those obtained with liver homogenate. The failure to find epitestos- 
terone in Experiment 1 was due to the small amount of starting material. 
The incubation of a large amount of testosterone (Experiment 2) resulted 
in the formation of an isolable amount of epitestosterone. 


II 
Metabolism of Testosterone by Rabbit Kidney Homogenate 
Experiment 1 Experiment 2 
ae me. | percent me per cent 
Incubation 
150 5 X 200 
Steroids isolated 
Testosterone. . ..... 136 91 786 79 
11 7 49 5 
12 
DISCUSSION 


The intact cell' is not necessary for the metabolism of testosterone by 
rabbit liver and kidney. The metabolites formed by incubation of testos- 
terone with the homogenates of either rabbit liver or kidney were not only 
the same as those obtained with rabbit liver slices (2), but the amounts 
formed were essentially the same. A*-Androstene-3 ,17-dione was the main 
metabolite and epitestosterone was the other metabolite. Thus, both the 
oxidative enzyme system necessary for the conversion of testosterone to 
4‘-androstene-3 ,17-dione and the reductive enzyme system for reversing 
the reaction were not destroyed by homogenization in the Waring blendor. 

The recovery of testosterone and its metabolites in quantities equivalent 
to the testosterone recovered in the control experiment indicated that no 
other metabolites in appreciable quantity were formed. As the non-ke- 
tonic fraction yielded no metabolites, it appears that the a,§-unsaturated 
3-ketone group is quite resistant to both oxidation and reduction. 

EXPERIMENTAL 

The incubation and extraction procedures were as described previously 
(2,6). The ketonic and non-ketonic fractions of the control, liver Experi- 
ments 1 to 3, and kidney Experiment 1 were chromatographed with mag- 
nesium silicate-Celite (7) and the following eluting solvents: carbon tetra- 
chloride, benzene, ethyl ether, methyl alcohol. In liver Experiment 4 and 
kidney Experiment 2, washed alumina (Harshaw) was used as the adsor- 
bent and carbon tetrachloride with progressively increasing amounts of 
absolute alcohol as the eluting solvents. 
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The Holtorff-Koch (4) modification of the Zimmermann color test was 
used at 20° for detection of the 17-keto group. The Kagi-Miescher tests 
(5) were used for detection of the 17-hydroxyl and the 17a-hydroxyl groups. 

Final confirmation of the identity of all of the isolated steroids was ob- 
tained by infra-red analysis.’ | 

Purification of Testosterone—The testosterone was further purified by 
recrystallization from carbon tetrachloride, m.p. 156-1587. 

Identification of A‘-Androstene-3 , 17-dione—The A‘-androstene-3 , 17-dione 
isolated in each experiment was identified by melting point and mixed 
melting point with an authentic specimen. Furthermore, ultraviolet spec- 
tra* were obtained for the A‘-androstene-3 ,17-dione isolated in liver Ex- 
periment 4 and kidney Experiment 2 and optical rotation‘ on the metabo- 
lite obtained from kidney Experiment 2. The physical constants of the 
product obtained in kidney Experiment 2 are as follows: m.p. 173-175"; 
mixed m.p. 168-176° with an authentic sample of m.p. 172-175°; Ames. 
239, « = 15,100; [a]” = +198° (CHCI,). 

Identification of Epitestosterone—The melting point and mixed melting 
point of the metabolite and also those of its oxime agreed with those of 
authentic samples. Thus, the epitestosterone isolated in liver Experiment 
2 gave a melting point of 219-222°; oxime 222-225°; no depression of 
mixed melting points was observed. The epitestosterone gave the ex- 
pected color tests (4, 5). 


SUMMARY 


Testosterone is metabolized by homogenates of rabbit liver and kidney 
to A‘-androstene-3 , 17-dione and epitestosterone. The recovered testoster- 
one plus the metabolites accounted for 83 to 97 per cent of the original 
testosterone. 
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ESTERASE WITH DIISOPROPYL FLUOROPHOSPHATE* 


By EUGENE F. JANSEN, ROSIE JANG, ano A. K. BALLSt 
(From the Enzyme Research Division, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, November 5, 1951) 


Previous communications from this Laboratory have shown that the 
inhibition of a-chymotrypsin by diisopropyl fluorophosphate (DFP) is a 
stoichiometric reaction that comprises the introduction of a single diiso- 
propyl phosphate group into the molecule of a-chymotrypsin, the elimina- 
tion of fluorine as HF, and the production of an undenatured, crystalliza- 
ble, inhibited enzyme protein (1-3). Several substances analogous to DFP 
in composition were found to inhibit a-chymotrypsin in a similar manner. 
In each case the resulting inhibited protein was obtained in crystalline 
form and found to contain one phosphate group per mole (4). This re- 
action, leading to the inhibition of a-chymotrypsin, is therefore not confined 
to DFP. 

There is also evidence that other esterases react with DFP in the same 
way as a-chymotrypsin. Thus 8- and y-chymotrypsins behave toward 
DFP in quite the same manner as the a enzyme (5) (which may not be 
astonishing in view of their general similarity); however, DFP also reacts 
with trypsin to produce a crystallizable, inhibited trypsin whose equivalent 
weight with respect to phosphorus is about 20,000 (5). The reaction has 
also been investigated with non-proteolytic esterases to an extent that at 
least shows their behavior to be similar to that of the proteolytic esterases. 
Boursnell and Webb (6) demonstrated that highly purified horse liver 
esterase bound phosphorus upon inhibition with radioactive DFP, and 
recently Michel and Krop (7) obtained a similar result with purified cholin- 
esterase from the electric eel. In every case the inhibition of a susceptible 
enzyme by DFP has resulted in the introduction of the phosphorus of the 
inhibitor. 

The specific activity of cholinesterase is now a matter of considerable 
interest. Despite many efforts at purification, it seems doubtful whether 
preparations of outstanding purity have been obtained from any source. 
The work reported here is an attempt to deduce the specific activity of 

* Enzyme Research Division Contribution No. 145. 


t Present address, Department of Agricultural Chemistry, Purdue University, 
Lafayette, Indiana. 
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cholinesterase from human plasma, in a greatly purified but still impure 
preparation, by observing the activity and the amount of DFP required 
to inhibit it. The inhibition resulted in the attachment of phosphorus to 
the protein of the preparation. However, the amount of phosphorus 
found in the completely inhibited enzyme (0.0023 per cent) was consider- 
ably smaller than that found in the chymotrypsins and trypsin when in- 
hibited by DFP (2, 5). The low phosphorus content was due to the fact 
that the plasma enzyme was impure. 


Materials and Methods 

Purified human plasma cholinesterase was obtained through the courtesy 
of Dr. F. F. Johnson and Dr. J. H. Hink,' who used Fraction IV of Cohn 
et al. (8) as a starting material for the purification of the enzyme. They 
were able to purify the cholinesterase 750-fold over the activity of the 
whole plasma protein, as judged by the Michel method of assay (9). The 
purified enzyme had been lyophilized. 

The enzymic activities were determined at 30° by a continuous poten- 
tiometric titration procedure (1) at pH 7.5 with an acetylcholine concen- 
tration of 1.0m. Higher substrate concentrations were slightly inhibitory 
and lower concentrations failed to give full activity. Under these condi- 
tions the reaction was one of zero order. The results are expressed as 
specific activities; 7.e., mm of acetylcholine hydrolyzed per minute per mg. 
of enzyme preparation or per mg. of total nitrogen therein, 1 mm» per 
minute being 1 unit. 

Since it had previously been demonstrated that isopropanol solutions of 
DFP are very stable (1), the radioactive DFP? (DFP*) was dissolved in 
isopropanol to give a concentration of 0.127 m. The desired dilutions were 
made from this stock solution prior to their addition to solutions of cholin- 
esterase. The determinations of radioactivity were made with a Geiger- 
Miiller scaler. After treatment, portions of the various solutions were 
dried under an infra-red lamp and were then compared with known 
amounts of radioactive phosphorus in the form of alkali-hydrolyzed DFP*, 
which had been dried similarly under an infra-red lamp. 


Results 


Protein Nitrogen-Total Nitrogen Relationship of Cholinesterase—The cho- 
linesterase preparation used in this work was found to have 12.4 per cent 
total nitrogen as determined by the Kjeldahl method. Attempts to de- 
termine the protein nitrogen of the enzyme by the method used in this 


! Cutter Laboratories, Berkeley, California. 
? Purchased from Edward 8. Gilfillan, Jr., consulting engineer, Manchester-by- 
the-Sea, Massachusetts. 
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Laboratory (10) failed, since no protein precipitated when an apparently 
ample quantity of the enzyme (0.18 mg. per ml. of 2.5 per cent trichloro- 
acetic acid (TCA)) was heated to 70° for 5 minutes and cooled. Attempts 
to precipitate the same concentration of cholinesterase by the method of 
Rothenberg and Nachmansohn for eel cholinesterase (11) likewise failed. 
These authors used 10 per cent TCA at room temperature for 18 hours for 
precipitation. However, when the human cholinesterase was heated to 
70° for 5 minutes in 10 per cent TCA (0.18 mg. of enzyme per ml.) and 
cooled, 75 per cent of the nitrogen of the preparation was precipitated. 
The behavior of this enzyme is reminiscent of that of purified polygalactu- 
ronase, which failed to precipitate with 2.5 per cent TCA when heated to 
70° for 5 minutes and cooled (12). The cholinesterase prevented the pre- 
cipitation of relatively small amounts of easily precipitable protein; e.g., a 
mixture of 1.64 mg. of cholinesterase and 0.7 mg. of crystalline 8-lacto- 
globulin in 10 ml. of 2.5 per cent TCA on heating to 70° and cooling formed 
only a faint, non-centrifugal cloud. However, in agreement with the re- 
sults of Michel and Krop (7), relatively large amounts of a carrier protein 
resulted in the complete precipitation of all of the protein, including that 
of the cholinesterase preparation. When a mixture of 4.20 mg. of B-lacto- 
globulin and 1.02 mg. of the cholinesterase preparation in 10 ml. of 2.5 per 
cent TCA was treated by the usual procedure (10), more than 98 per cent 
of the total nitrogen of the cholinesterase preparation was found in the 
precipitate. It is apparent from these results that specific activities of 
cholinesterase preparations based on TCA precipitation must be con- . 
sidered only with reservations. Since plasma cholinesterase is associated 
with mucoprotein (13) and may itself be a mucoprotein, and since another 
mucoprotein, ovomucoid, is resistant to precipitation by TCA (14), this 
behavior may be a general property of mucoproteins. 

Specific Activity of Cholinesterase—Under the conditions of assay de- 
scribed above, the purified plasma cholinesterase had a specific activity 
of 0.0245 unit per mg. or 0.198 unit per mg. of nitrogen.* The two prepa- 
rations of eel cholinesterase used by Michel and Krop (7) possessed, when 
calculated in terms of the unit used here, 0.266 and 0.051 units per mg. 
Hence the preparation used in this work had approximately a 13-fold 
greater activity than Fraction IV-6 (13), one-third the activity of Fraction 
IV-6-3 (15), and approximately 0.1 of the activity of the better preparation 
from eel used by Michel and Krop. 

* Under the conditions of assay used by Surgenor e¢ al. (13), the preparation had 
an activity of 0.0098 unit per mg. Calculated in terms of their unit, the preparation 
possessed 588 units per gm. Their fraction of greatest activity, No. IV-6, con- 
tained 45 units per gm. However, Goldstein and Doherty (15) have recently worked 
with preparations of Fraction IV-6-3 obtained from Surgenor which contained 700 
to 2000 units per gm. 
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Inhibition of Cholinesterase by DFP and Phosphorus Content of Inhibited 
Enzyme—The results obtained on the inhibition of purified cholinesterase 
are given in Table I. For the concentration of enzyme used, the amount 
of DFP needed for approximately 50 per cent inhibition would, if all com- 
bined with this enzyme, introduce phosphorus into the enzyme to the 
extent of 0.0124 per cent, provided the inhibition reaction was the same 
as that with chymotrypsin (1-3). However, it will be seen later that this 
value is considerably greater than that actually found; hence the reaction 
was not as rapid as that with chymotrypsin. 

Two preparations of essentially completely inhibited cholinesterase were 
made with DFP*. In the first preparation 100 mg. of enzyme were dis- 
solved in 20 ml. of 0.1 mM phosphate buffer of pH 7.75 and treated with 0.8 


TaB_e I 
DFP Inhibition of Cholinesterase* 
Molarity of DFP x 107 Inhibition 
l 22 
2 | 53 
5 | 98 


| 


* The cholinesterase was dissolved in 0.1 m phosphate buffer at pH 7.75 to give a 
concentration of 0.05 mg. of enzyme per ml. and was treated with a given concentra- 
tion of DFP for 20 minutes at 25° prior to assay. 


ml. of 0.0127 m DFP* in isopropanol; in the second, the same amount of 
enzyme was dissolved in 2 ml. of the same buffer and treated with 0.1 ml. 
of 0.127 m DFP*. In both cases, less than 2 per cent of the activity re- 
mained after 20 minutes incubation at 25°. Subsequently the prepara- 
tions were dialyzed in the cold against frequent changes of distilled water 
until the dialysates possessed essentially no radioactivity. The analyses 
of these preparations are reported in Table II. The amount of phosphorus 
found in the DF P*-inhibited enzyme was 0.0023 per cent. This was essen- 
tially the same amount of phosphorus that Michel and Krop (7) found in 
a similarly inhibited preparation of the eel enzyme that possessed, how- 
ever, approximately twice the activity of the plasma preparation used here. 
This difference may merely reflect a difference in the molecular weights of 
the enzyme from the two sources. The foregoing results demonstrate, 
however, that the inhibitor introduced phosphorus into the preparation of 
plasma cholinesterase. They point again to the inhibition reaction as being 
a general one. 
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DISCUSSION 


From the values quoted by Goldstein and Doherty (15) the activity of 
the human plasma cholinesterase preparation used in this work corresponds 
to an enzyme content of 1.9 per cent of the preparation. The phosphorus 
content of the inhibited enzyme preparation (Table II) would then cor- 
respond to an equivalent weight of 26,000 for this cholinesterase on the 
assumption that the reaction proceeds on a mole for mole basis analogous 
to the combination of DFP with chymotrypsin (1-3). Furthermore, the 


Taste Il 
Phosphorus Content of DF P*-Inhibited Cholinesterase 
| Inhibited enzyme* 

‘Nitrogen per 0. mi, Radioactivity? per 
mg. | c.p.m. €.p.m. | per cent 
1§ 0.05 131 
2 0.450 | 177 | 785 0.0024 


* After DFP* inhibition (see the text), the inhibited enzyme was dialyzed against 
frequent changes of distilled water in the cold until the dialysate possessed a negli- 
gible radioactivity as measured with a dipping Geiger-Miller tube. 6 days were 
necessary. 

t All radioactivities are corrected for the background. The phosphorus was in 
the form of alkali-decomposed DFP*. The phosphorus content was determined on 
a stock solution by a slight modification of Allen’s method (16). 

t These values were calculated from the activities and nitrogen content of the 
inhibited enzyme. 

§ Because of the low protein content of this preparation and hence low radioac- 
tivity, it was necessary to count it and the corresponding known amount of radio- 
phosphorus closer to the Geiger-Miller tube than was necessary for Preparation 2. 


equivalent weight so calculated is essentially equal to the molecular weights 
of the chymotrypsin calculated similarly (5). 

The specific activities of several highly purified or crystalline hydrolytic 
enzymes are given in Table III. When several substrates are known for 
an enzyme, the most rapidly hydrolyzed was chosen for the calculation of 
the specific activity. Moreover, only the initial rates of hydrolysis were 
considered. Table III demonstrates that the specific activities of all of 
the enzymes considered fall within one order of magnitude.‘ 

‘Enzymes involved in phosphate transfer have lower specific activities; ¢.g., 
crystalline hexokinase (26) has a specific activity of 0.09 and phosphorylase a (27) 
0.6 when acting on glucose-1-phosphate in 1 per cent glycogen in the presence of 
adenylic acid and cysteine. It is suggested, however, that the mechanism of a 
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A calculation of the specific activity of the purest preparation of eel 
cholinesterase made by Rothenberg and Nachmansohn (11) (assuming a 
nitrogen content of 15 per cent) indicates a specific activity of 51 for that 
enzyme. On the other hand, if it is assumed that 1.9 per cent of the plasma 
preparation used in this work was cholinesterase (an assumption not un- 
reasonable in light of the values quoted by Goldstein and Doherty (15)), 
the specific activity of the plasma enzyme when pure would be 10. The 
eel enzyme thus appears to be uniquely powerful among hydrolytic en- 
zymes, or else the activities reported are in error, possibly due to the 
incompleteness of precipitation by TCA. If the latter is true, considerable 


Taste III 
Specific Activities of Some Crystalline or Highly Purified Hydrolytic Enzymes 
Enzyme Substrate cot mg. 
Crystalline carboxypeptidase Chloroacetyl-pu-8-phenyllactic 1.5 (17) 
acid 
trypsin 1.8 (18) 
methyl ester 
- a-chymotrypsin N-Acetyltyrosine ethyl ester 2.2 (19) 
» a-amylase Starch 2.4 (20) 
8-amylase 9.6 (21, 22) 
urease Urea 12 (23) 
Purified invertase Sucrose «7.4 (24) 
‘* pectinesterase Pectin (25) 
 polygalacturonase Pectic acid | 1.4 (12) 


ee. The units (mm per minute) were calculated from data given in the references 
cited in this column. 


doubt would be cast upon the value of the equivalent weight of eel cholin- 
esterase calculated from DFP* inhibition by Michel and Krop (7). 


SUMMARY 


When a preparation of purified, human plasma cholinesterase was in- 
hibited by radioactive DFP, the phosphorus of the inhibitor was intro- 
duced into the inhibited enzyme. Hence the inhibition reaction of this 
enzyme by DFP was in this respect a similar reaction to the inhibition of 
the esterolytic proteinases. The amount of phosphorus introduced into 
the still impure cholinesterase was 0.0023 per cent. 


transfer reaction, catalyzed by a single enzyme, presents a different picture from 
that of simple hydrolysis. It does not seem logical to expect two types of reaction 
to proceed necessarily at the same level of activity. 
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THE EFFECT OF INJECTED RADIUM ON THE ALKALINE 
PHOSPHATASE ACTIVITY OF BONE AND TISSUES 


By WILLIAM P. NORRIS ann STANTON H. COHN* 


(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Chicago, Illinois) 


(Received for publication, December 17, 1951) 


Investigations have shown that the exposure of growing bones to x-radi- 
ation is followed by an inhibition of growth (1-4). Heller (5) confirmed 
this finding and, in addition, described a permanent stunting effect in 
young rats treated with radioactive Sr**: *. Wilkins and Regen (6), recog- 
nizing the importance of the enzyme phosphatase in bone growth from the. 
work of Robison (7), performed experiments on the effects of x-rays on 
growth and phosphatase activity. They showed that retardation of growth 
and decreased alkaline phosphatase activity occur in bones of puppies ex- 
posed to 600 r. 

Phosphatase is believed to be a product of the osteoblasts, the proliferat- 
ing cartilage cells, and the cells of the inner layer of the periosteum (8). 
Robison and Soames (9, 10) have emphasized that alkaline phosphatase 
plays a specific réle in the deposition and maintenance of mineral salts in 
bone and that phosphatase activity in bone is proportional to the rate of 
calcification and growth. They have also shown phosphatase to be present 
in high concentration in ossifying cartilage and essentially absent from 
those portions of bone that are not actively calcifying. 

In a discussion of the histological changes produced by radium (at dos- 
ages of 0.5 to 1.0 y per gm. of body weight) in the bones of rats and mice 
Heller (5) described a condition, seen 24 hours after injection, that included 
a marked reduction in the number of osteoblasts and osteocytes as well as 
diminished periosteal activity and dead cartilage cells. After 3 days, no 
normal osteoblasts remained and dead bone cells were numerous. Lower 
dosages of radium produced similar but less intense changes, and the time 
required to produce detectable changes was proportionately longer. 

Studies of the me‘: bolism of the alkaline earths (calcium, strontium, 
radium) (11, 12) have shown that these materials deposit preferentially in 
bone and especially in the areas of active calcification. In view of the 
results stated previously it appears that the alkaline earths are likewise 
deposited in the regions of greatest phosphatase activity. Therefore, it 
might be anticipated, in view of the results of Wilkins and Regen, that the 

* Present address, United States Naval Radiological Defense Laboratory, Hun- 
ter’s Point, San Francisco, California. 
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administration of radioactive isotopes of the alkaline earths would also 
influence the alkaline phosphatase concentration of bone, perhaps to a 
greater extent than x-rays. 

Radium was chosen for these studies because the high specific ionization 
of its a-rays will maximize the liberation of energy in the areas of actual 
radium deposition and therefore in the areas of active calcification and 
highest phosphatase activity. 

EXPERIMENTAL 

Solutions of radium chloride in isotonic saline, pH 3 to 4, were injected 
intraperitoneally into young (25 to 46 days old) Fischer rats, weighing from 
35 to 65 gm. In one experiment adult, Sprague-Dawley rats, 110 days old 
and weighing 260 gm., were used. In any single run the experimental 
animals were litter mates and were selected to give maximum uniformity of 
weight. Four injected and four control animals were used in each experi- 
mental group. The animals were sacrificed at predetermined intervals 
after the injection of radium, along with controls that had been similarly 
injected with isotonic saline solutions at pH 3 to 4. In the various experi- 
ments the concentrations of the radium solutions were adjusted to give 
dose levels ranging from 0.001 to 0.75 y of Ra per gm. of rat. 

Blood samples were taken from the carotid artery immediately before 
sacrifice. Soft tissues and bones were removed immediately after sacrifice. 
The tissue samples were weighed and homogenized with 10 ml. of water in 
a glass homogenizer similar to that described by Umbreit et al. (13). In 
the case of bone the homogenizer was constructed of stainless steel. Dur- 
ing homogenization the apparatus was cooled by immersion in an ice-salt 
bath. 

The homogenates were analyzed for alkaline phosphatase activity by 
the method of King and Armstrong as modified by the Paul-Lewis Labora- 
tories (14). Values for alkaline phosphatase activity represent mg. of 
phenol liberated by the enzyme at 37.5° in 30 minutes from a substrate of 
disodium phenyl phosphate. The buffer used was diethyl barbiturate, 
which makes it possible to carry out the reaction at pH 9.0. 

In additional experiments, the enzyme, both in serum and in bone homo- 
genates, was irradiated in vitro, by using either x-rays or adding radium to 
the preparations to determine the rate of inactivation under these condi- 
tions. Alkaline phosphatase determinations were made as described 
above, along with determinations on identical non-irradiated control prep- 
arations. 

Results 

The intraperitoneal injection of radium chloride into either young or 

adult rats at dosages up to 0.75 y of Ra per gm. of animal had no significant 
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effect on the alkaline phosphatase values of the duodenum, kidney, lung, 
spleen, and liver up to 4 days after injection. Serum values were some- 
what depressed. Representative values for soft tissue, obtained with adult 
(260 gm.) Sprague-Dawley rats, are presented in Fig. 1. 

Following such radium chloride injections, however, the alkaline phos- 
phatase content of the bones (as represented by the femur, scapula, and 
tibia plus fibula) decreased markedly. The decrease in bone alkaline phos- 
phatase at the lower dose levels was roughly proportional to the quantity 
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Fic. 1, The average alkaline phosphatase activity of the soft tissues of four adult 

Sprague-Dawley rats 1 to 3 days after the intraperitoneal injection of 0.75 y of Ra 

per gm. These values are compared with the average of four control rats injected 

with a similar solution containing only isotonic saline. Alkaline phosphatase 

activity is expressed in King-Armstrong units per gm. of tissue or, in the case of 
serum, in units per 100 ml. 


of radium administered. However, at dosages above 0.1 7 per gm. the 
proportionality was no longer evident and levels of radium as high as 0.75 
¥ per gm. produced only slightly greater effects. The lowest observed 
phosphatase concentration at the higher dosages was 45 per cent of the 
control value. Inasmuch as the phosphatase content of bones in control 
rats was seen to vary considerably from experiment to experiment, pre- 
sumably as a function of age of the animal and rate of growth, the results 
are expressed as the percentage of the control value in the particular experi- 
ment. The data are presented for all experiments in Fig. 2. The values 
for King-Armstrong phosphatase units per gm. of fresh bone in all the 
experiments ranged between 30 and 55 in young rats (30 to 45 days old) 
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and between 15 and 30 in adult rats (110 days old). In a single experiment 
in which litter mates were used, the values were reasonably constant. The 
spread of values encountered in a single typical run may be seen in Table I. 


DOSE LEVELS 
in pgm. / gm. 
3 = 
5 3 
100 3 ooooo°o 


% OF CONTROL PHOSPHATASE 


TIBIA @ FIBULA FEMUR SCAPULA 
Fic. 2. The average alkaline phosphatase activity of the scapulae, femora, and 
tibiae-fibulae of rats 24 hours after the intraperitoneal injection of radium at various 
levels. The values are plotted for each experiment in per cent of the control value 
in that particular experiment. Except where indicated all animals are 25 to 46 
days old. 


TaBLe I 
Illustration of Spread of Experimental Values for Phosphatase in Bone Obtained in 
Single Typical Experiment 
The values are given in King-Armstrong units per gm. of fresh bone. Age of 
rats, 33 days; weight, ~70 gm.; Ra dose, 0.75 y per gm.; sacrificed 3 days 
after injection. 


Controls Ra-injected 
Specimen 

Rati | Rat2| Rat3 | Rat4 Race | Rat? | mate 
Right tibia and fibula....... 38.5 | 36.8 | 24.3 28.3 ies “m6 112 
Left ee) | 32.2 | 34.0 | 20.3 | 21.3 17.8 17.0. 16.7 
35.7 32.8 33.4 32.6 23.8 | 20.8 21.0. 19.8 
Left 33.8 | 35.4 32.5 | 23.4 | 21.0. 20.8 
Right scapula............... 38.6 | 45.0 | 38.5 31.7 | 26.0 23.5 20.2 27.3 
Left 49.8 35.1 34.3 26.7 28.2 23.5 24.6 
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Following the injection of 0.42 y of Ra per gm. to 46 day-old Fischer rats, 
the alkaline phosphatase content of the bones decreased rapidly from the 
ist hour to 6 hours and then rather slowly (Fig. 3) up to 24 hours. In 
other experiments, in which animals were sacrificed from 1 to 4 days follow- 
ing the administration of 0.75 y of Ra per gm., there was only a slight 
further decrease in phosphatase during the interval. The combined results — 
of these experiments make it apparent that, at these high dosages, the 


O SCAPULA — CONTROL 
@ SCAPULA---EXPERIMENTAL 


4& FEMUR — CONTROL 
FEMUR--- EXPERIMENTAL 


/gm. 


KA UNITS or 


TIME AFTER INJECTION (HOURS) 
Fic. 3. The depression of phosphatase activity (King-Armstrong units) as a func- 
tion of time in the bones of young rats injected intraperitoneally with radium (dos- 
age, 0.42 7 per gm.). 


decrease in alkaline phosphatase in bone is restricted in time to the first 
few hours after radium injection. 

When radium chloride was added to bone homogenates at a concentra- 
tion of 0.8 y per ml. and to serum at a concentration of 5 y per ml. and 
allowed to stand for 24 hours, there was no decrease in alkaline phosphatase 
concentration nor did the control values change over this period. Inas- 
much as no attempt was made to control the conditions with respect to 
radon in these experiments, it is difficult to determine the irradiation dosage 
accurately. Since the radium for the experiment was withdrawn directly 
from a radium chloride solution in a flask in which the radon was nearly in 
equilibrium with its parent, the contribution to irradiation level from radon 
and its daughters must have been appreciable. Assuming an average of 15 
per cent Rn equilibrium over the interval, the irradiation dose was 348 
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rep (roentgen-equivalent-physical) in bone homogenates and 2180 rep in 
serum. The method of calculation of these values is shown later. The 
results are presented in Table IT. 

Similar bone homogenates were also exposed to 250 kev x-rays at a rate 
of 720 r. per minute until dosages up to 100,000 r. had been accumulated, 
The results (Fig. 4) showed no decrease in phosphatase concentration up to 


Taste II 
Effect of RaCl; on Alkaline Phosphatase of Bone Homogenates and Serum 
| | Phosphatase 
Sample Added Ra 
Control Ra added 
per ml. units per mi. units per ml, 
5.0 0.54 0.60 
Homogenized tibia................ 0.8 56.7 61.80 
0.8 | 47.6 43.00 
| 
2 
'0 
1 5 5 


X-RAY DOSE (r)x!000 


Fic. 4. Effect of x-irradiation on the phosphatase content (King-Armstrong units) 
of bone homogenates. 


10,000 r. Thereafter the phosphatase values decreased slowly to 58 per 
cent of the control at a total dose of 100,000 r. 


DISCUSSION 


The distribution of radium injected intraperitoneally or intravenously 
has been shown to proceed very rapidly (11, 12). In rats the bones attain 
their maximum concentration within 90 to 120 minutes, while the soft 
tissues, which initially (after 1 to 2 minutes) contain approximately 50 per 
cent of the injected dose distributed more or less uniformly, lose radium 
rapidly over a period of several days. Since bone phosphatase concentra- 
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tions decreased most markedly during the first 3 hours after injection, and 
since the percentage excreted during this period is not very large, one may 
consider that the injected radium is approximately equally divided between 
bone and soft tissue. Since bone represents about 10 per cent of the body 
weight, the concentration in bone will be at least 10 times that in soft 
tissue. However, it is known from radioautographic studies (15, 16) that 
radium in bone is largely deposited in the epiphyseal areas. This localiza- 
tion within bone effects an additional concentration which may be esti- 
mated roughly by inspection of radioautographs to exceed that which would 
be encountered in a uniform distribution of radium by a factor of 10. 
Therefore, the radium concentration in epiphyseal bone must exceed that 
in soft tissue by a factor of approximately 100 during the first few hours 
after injection, which is the period when the greatest decrease in bone 
phosphatase activity is observed. Radium injected at levels over a range 
at least 100 times greater than the dose required to produce detectable 
decreases in bone phosphatase caused no decrease in soft tissue phospha- 
tase. It is probable that the alkaline phosphatases of soft tissue are quali- 
tatively not identical with those of bone. Such a concept has support from 
the work of Bodansky (17), who reported differences in the rates of hydrol- 
ysis of phosphoric acid esters by the phosphatases of different tissues under 
various conditions. Armstrong and Banting (18) reported that bone is 
the probable source of serum phosphatase, since it was not reduced by 
extirpation of the intestine, kidney, spleen, pancreas, liver, and testes. 
The results reported here are in agreement with those of Armstrong and 
Banting to the extent that the decreased phosphatase levels in bone are 
reflected by a small decrease in serum phosphatase. These data also indi- 
cate that bone phosphatase apparently does not contribute substantially 
to the phosphatase in the soft tissues investigated. No decrease in phos- 
phatase concentration of these soft tissues could be demonstrated, even 
though the serum phosphatase concentration was diminished. 

In view of the fact that the concentration of bone phosphatase, during 
the interval studied, was not further decreased by an increase in radium 
dosage from 0.1 to 0.75 y per gm. and, further, since no marked decrease 
in the phosphatase concentration of bone occurred later than 3 hours after 
the injection of 0.42 7 per gm., it seems apparent that the capacity of 
radium to reduce phosphatase concentrations in bone is limited. Such 
results may reflect either (1) a partial coincidence of radium deposition on 
the distribution pattern of the phosphatase systems, thus rendering some 
phosphatase unavailable to the influence of radium, or (2) the presence of 
more than one alkaline phosphatase in bone, one or more of which is not 
highly susceptible to the effects of radium. 

The radiation dosage in these radium-injected rats may be approximated 
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by use of the value of 15 per cent radon retention reported for rats by 
Evans et al. (19). The contribution of 6- and y-rays may be neglected 
since it represents a small fraction of the total energy dissipated by a 
particles. The radiation dose from 1 + of radium distributed uniformly in 
1 gm. of tissue thus becomes 


3.7 X 104Eraa + 0.15(Ernnae + Ersaa + Erac’a)|86,400 


= 35 X 1.61 X 10" 
_ 3.7 X 1044.79 X + 0.15(5.49 X 10* + 5.99 X 10* + 7.68 X 10*)]86,400 
35 X 1.61 X 10" 


= 435 rep per day 


where E represents the energy in electron volts of the respective a-rays’ 
The remainder of the equation is formed by the appropriate constants as 
follows: disintegrations per second per microgram of Ra = 3.7 X 10, 


seconds per day = 86,400, electron volts per ion pair (approximate) = 35, 


ion pairs per gm. of tissue per rep = 1.61 X 10". 

Studies of the metabolism of radium-injected rats have shown that the 
bones reach maximum radium concentration within 1 to 1.5 hours after 
injection. One femur contained about 2.5 per cent of the injected dose at 
this time and for 30 days thereafter (11). The average weight of a femur 
of the young rats used in the present work was 0.175 gm. If one uses the 
factor of 10 mentioned earlier to describe the concentration of radium in 
the calcifying areas in excess of that which would be attained by uniform 
distribution of the radium throughout the bone, the radiation dosage to 
the actively calcifying areas following the injection of 0.1 7 of Ra per gm. 
to a 50 gm. rat (35 days old), may be estimated as follows 


Ra dose =0.1 xX 50 =5y 
** content of femur = 5 X 0.025 = 0.125 y 


0.125 
0.175" 0.715 y per gm. whole bone 


0.715 X 10 = 7.15 y per gm. actively calcifying bone 
Radiation dose = 7.15 X 435 = 3110 rep per day or 129 rep per hr. 


Because of the extreme difficulty in determining accurately the concentra- 
tions of radium in the fine structure of bone, the value presented above 
must be considered as only an effort at approximation of the radiation 
dosage associated with that quantity of radium required to produce maxi- 
mum depression of alkaline phosphatase activity in bone. The estimate 
takes no account of the relative biological effectiveness of a-rays in bone, 
although it is possible from Zirkle’s results with microorganisms (20) that 
it is greater than 1. Doses of radium less by a factor of 100 than that used 
in the above calculations were observed to produce a definite effect, al- 
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though the time required for maximum depression of alkaline phosphatase 
gctivity at these dosage levels has not yet been ascertained. 

Inasmuch as the irradiation in vitro of alkaline phosphatase in bone 
homogenate preparations by 250 kev x-rays and by the addition of radium 
to bone homogenates and to serum indicated the enzyme preparation to be 
rather resistant to radiation-induced inactivation, it is likely that the effect 
in vivo is not caused by irradiation of the enzyme per se. Rather it would 
sem to indicate damage to the phosphatase-producing systems of the 
parent cells or to the cells themselves. 

Although it would appear that the causative agent in this phenomenon 
is the ionization derived from deposited radium, it is not possible at this 
time to exclude the purely chemical effect of radium itself. The experi- 
ments in vitro described earlier show that radium does not inactivate phos- 
phatase preparations even in concentrations higher than those estimated 
to be present locally in the injected animals. However, this gives no clue 
as to its effect on the phosphatase-forming elements in vivo. Grier et al. 
(21) and Klemperer et al. (22) have shown that beryllium, in concentrations 
as low as 10~* m, exerts an inhibitory action in vitro on preparations of 
alkaline phosphatase. Radium injected at a dosage of 0.1 y per gm. is 
sufficient to produce an average concentration in the entire rat of 4.4 X 10-7 
u, and local concentrations in bone may be 100 times this value. Further, 
since the toxicity of the alkaline earths is known to progress in the direction 
of the heavier elements, it is significant that the toxic effects of injected 
barium (the nearest non-radioactive analogue of radium) may be observed 
at dose levels as low as 10 y per gm. 

It is apparent that this latter question may be settled by similar experi- 
ments with Ra™ (radioactive half life = 3.6 days) in which the concentra- 
tions of Ra may be reduced by a factor of 10° over those used here, the 
radiation dose being nearly identical. 


The influence of radium as an internal a emitter on the phosphatase 
activity of bone and tissue was studied in a number of rats injected with 
varying amounts of radium chloride. 

The results indicate the following. 

1. Radium deposited in bone causes significant reduction in the alkaline 
phosphatase content of bone. 

2. The reduction of serum phosphatase concentrations following injec- 
— of Ra is compatible with earlier suggestions that it is derived from 

3. The phosphatase content of the soft tissues analyzed is largely inde- 
pendent of that of bone and is not affected by injection of radium. 
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4. Radiation dosages, from deposited radium, of the order of 10 to 109 
rep per hour will produce significant reduction in the alkaline phosphatase 
content of bone within 24 hours. 

5. Studies in vitro with x-rays and with radium added to serum and bone 
homogenates produced no change in phosphatase activity up to 10,000 r. 
Therefore, the effect of deposited radium as reflected by the reduction in 
alkaline phosphatase activity is probably on the phosphatase-forming ele- 
ments of bone. 
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THE ACTION OF TRANSGLUCOSIDASE OF ASPERGILLUS 
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In 1950 Pan and his associates (1) reported the conversion of maltose 
into non-fermentable sugars by an enzyme solution obtained from Asper- 
gillus niger. They isolated a crystalline, non-fermentable, reducing trisac- 
charide from the reaction mixture (2). Structural studies by French (3) 
and by Wolfrom et al. (4) have shown this trisaccharide to be a 4-a-iso- 
maltosyl-p-glucose (panose). 

In a preliminary note (5) we described an enzyme of Aspergillus oryzae 
which also synthesizes the trisaccharide panose from maltose. Other prod- 
ucts of enzyme action on maltose were the disaccharide isomaltose, the 
trisaccharide 6-a-isomaltosyl-p-glucose (dextrantriose), and the tetrasac- 
charide 4-a-dextrantriosyl-p-glucose.! Since all the synthesized com- 
pounds are formed by a transglucosidation reaction, it is probable that 
only one enzyme is involved in their formation. In the present paper we 
present evidence for the mechanism of action of this enzyme on maltose 
and record the identification of the products of its action. 


EXPERIMENTAL 


Enzyme Solution—The enzyme concentrate’ as obtained was a brown, 
fluffy powder prepared from A. oryzae by alcohol precipitation procedures. 
Due to the method of preparation, this concentrate contained a number of 
carbohydrases, ¢.g., amylase, maltase, dextrinase, etc. A partial separa- 
tion of these enzymes from the transglucosidase was accomplished by com- 
plex formation of the enzymes with starch at low temperatures. 

5 gm. of the enzyme material were stirred in 500 ml. of cold (2°) acetone- 
water solution (1:3). After the removal of a small amount of undissolved 
material by filtration, the cold filtrate was poured into a beaker containing 


* Journal Paper No. J-2020 of the Iowa Agricultural Experiment Station, Project 
No. 1116, Ames, Iowa. 

‘This system of nomenclature used by Wolfrom et al. (4) for panose supersedes 
the one we previously used (5). 

? The first sample of enzyme material was kindly furnished by Dr. L. A. Under- 
kofler and Mr. R. Miller, Department of Chemistry, Iowa State College, Ames, Iowa. 
Later samples were made available by Takamine Laboratories, Clifton, New Jersey. 
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50 gm. of defatted corn-starch. The resulting suspension was stirred con- 
tinuously for 0.5 hour. Next, the starch was removed by filtration and a 
clear enzyme solution obtained. The acetone in the solution was removed 
by vacuum distillation in the cold. The enzyme solution was then layered 
with toluene and stored in the refrigerator until it was to be used. 

Maltose Digest—5 ml. of 2 per cent maltose’ solution were mixed with 5 
ml. of enzyme solution. 1 ml. of the solution was removed as soon as 
possible after the introduction of the enzyme to the maltose, heated to 
boiling, and refrigerated until analyzed. Subsequent samples were inacti- 
vated at 5, 10, 25, and 75 hour periods. These samples were analyzed for 
reducing sugars and for phosphorylated sugars by paper chromatography 
procedures (6, 7). 

Glucose and Glucose-1-phosphate Digests—2 ml. of 5 per cent glucose solu- 
tion were shaken with 2 ml. of enzyme solution. As in the maltose digest, 
samples were removed and inactivated at 0, 5, 10, 25, and 75 hour intervals, 
A parallel experiment was conducted in which 0.1 gm. of glucose-1-phos- 
phate and 0.1 gm. of glucose in 2 ml. of phosphate buffer, pH 7.0, were 
mixed with 2 ml. of enzyme solution. As before, samples were removed at 
regular time intervals and examined for reaction products. 

Maltose and C-Glucose Digest‘—15 mg. of pure maltose and 0.1 mg. of 
C™-glucose were dissolved in 0.6 ml. of enzyme solution. At 0, 6, 12, 24, 
and 96 hour intervals 0.1 ml. aliquots were removed, placed in tightly 
stoppered tubes, and heated in a boiling water bath for 3 minutes. Next, 
0.01 ml. aliquots of these samples were introduced on squares of filter paper 
at 1 inch intervals near the bottom of the paper. The reducing sugars in 
the digest were resolved by paper chromatography procedures already 
described (6). The finished chromatograms were placed in contact with 
Kodak No-Screen x-ray film for 18 days. After development of the film, 
a radioautograph showing the radioactive compounds in the digest was 
obtained. Finally, the reducing sugars were located on the paper by spray- 
ing with copper and phosphomolybdic acid reagent (6). The paper chro- 
matogram and the radioautograph were photographed side by side and are 
reproduced in Fig. 1. 


? As commercial c.p. maltose was found to contain glucose, amylotriose, and higher 
molecular weight dextrins, we prepared the maltose by the action of 38-amylase on a 
starch paste. The limit dextrins in the digest were removed by precipitation with 
methanol (50 per cent). The filtrate was concentrated under a vacuum to a syrup. 
The carbohydrates in the syrup were adsorbed on carbon and the maltose preferen- 
tially eluted with 15 per cent ethanol. The filtrate was concentrated to a syrup and 
the maltose crystallized from hot ethyl alcohol solution. Physical properties, 
microscopic examination of crystals, and paper chromatography of a solution of the 
crystals showed our maltose to be free of other reducing sugars. 

‘Carried out in cooperation with S. Aronoff and associates, Botany Division, 
Institute for Atomic Research, Ames, Iowa. 
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Separation of Reaction Products in Maltose Digest—TYo obtain working 
quantities of the synthesized saccharides, a large scale digest was prepared. 
4 gm. of maltose in 80 ml. of water were treated with 5 ml. of enzyme solu- 
tion. The mixture was allowed to stand at room temperature for 21 days. 
Analyses of the digest showed that the concentrations of the synthesized 
compounds were at a maximum in this reaction time. The enzyme was 
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Fig. 1. A multiple ascent paper chromatogram (A) and a radioautograph (B) of 
C'-glucose and maltose digest at several stages of enzymolysis. G, glucose; M, 
maltose; 1, isomaltose; P, panose; D, dextrantriose; and T, tetrasaccharide (dextran- 
triosvl glucose ). 


destroyed by heat and the compounds were separated by large scale paper 
chromatography. 

A 10 ml. sample of the digest was placed in a continuous streak near one 
edge of a rectangle of filter paper (35 X 40 ¢m.). The resolution of the 
saccharides was accomplished by the multiple ascent technique in the 
solvent system (3 parts water, 4 parts pyridine, and 6 parts n-butanol). 
Two vertical strips were cut from the developed chromatogram, sprayed, 
and used as markers for sectioning the remaining portions of the chro- 
matogram. The individual saccharides were extracted from the paper with 
boiling water. The extracts from five chromatograms were combined and — 
concentrated under a vacuum. The syrupy material was dried with ace- 
tone and washed with a small amount of n-butanol. Attempts to erystal- 
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lize the isomaltose and the panose have not yet been successful. However, 
crystalline flavazoles of these compounds were prepared and identified by 
x-ray diffraction methods as described later. 

Isomaltose—The yield of isomaltose obtained by the above isolation pro- 
cedure was 0.43 gm. The specific rotation of the isomaltose is [a], = 
+119° (c 2, water); the published value is +120° (8). 

200 mg. of isomaltose, 60 mg. of o-phenylenediamine, 360 mg. of pheny!- 
hydrazine hydrochloride, 0.12 ml. of glacial acetic acid, and 5 ml. of water 
were placed in a 25 ml. Erlenmeyer flask having a ground glass joint. The 
mixture was refluxed in a boiling bath for 4 hours. The crude isomaltose 
flavazole which formed was separated from the reaction mixture by filtra- 
tion. It was dissolved in 2.5 ml. of hot n-propanol, filtered while hot into 
a 10 ml. beaker, and allowed to crystallize. After a few hours crystals of 
the isomaltose flavazole appeared. These were collected on a filter paper 
and air-dried. A powder x-ray diffraction photograph® was obtained on 
the air-dried material. Comparison of this photograph with that ob- 
tained for the flavazole of pure isomaltose*® showed the two compounds to 
be identical. The structure of the compound synthesized is therefore es- 
tablished as 6-a-glucosyl-p-glucose (isomaltose ). 

4-a-Isomaltosyl-p-glucose (Panose)—The weight of vacuum-dried panose 
obtained by the separation scheme was 0.25 gm. The specific rotation 
was [a], = +150° (c 2, water); the published value is + 154° (2, 3). 

100 mg. of panose were used for preparing the flavazole derivative. The 
procedure was identical with that for preparing the flavazole of isomaltose. 
The panose flavazole was purified by recrystallization from n-propanol. As 
before, x-ray diffraction photographs were obtained on the air-dried crystals 
and on panose flavazole prepared from the pure compound.’ Visual com- 
parison of the photographs showed that our compound was 4-a-isomaltosyl- 
p-glucose (panose ). 

6-a-Isomaltosyl-p-glucose (Dextrantriose)—The yield of this trisaccharide 
(0.058 gm.) was markedly less than for the two previous compounds. The 
specific rotation of the compound is +134° (c¢ 0.5, water) and compares 
well with the value of + 136° calculated for such a compound by Freuden- 
berg’s equation (9). On graded acid hydrolysis the trisaccharide was con- 
verted first into glucose and isomaltose and finally completely to glucose. 
Sufficient material was not available for derivatives of this compound. 

4-a-Dextrantriosyl-p-glucose—The tentative structure suggested for the 


5 The assistance of W. James, Department of Chemistry, Iowa State College, 
Ames, Iowa, is acknowledged. 

* Pure isomaltose was obtained from M. L. Wolfrom, Department of Chemistry, 
The Ohio State University, Columbus, Ohio. 

7 Pure panose was obtained from 8. C. Pan, Research Laboratories, Joseph FE. 
Seagram and Sons, Inc., Louisville, Kentucky. 
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tetrasaccharide is 4-a-dextrantriosyl-p-glucose. The compound was syn- 
thesized by the addition of a glucosyl unit to the panose molecule. Evi- 
dence for this structure for the compound rests on (1) its migration velocity 
on paper in comparison with that of similar compounds, (2) the mechanism 
of synthesis of this series of compounds, and (3) the products of partial 
acid hydrolysis of the compound. In an acid hydrolysate, glucose, maltose, 
isomaltose, panose, and dextrantriose were identified. 


We have observed two types of enzymes with carbohydrate-synthesizing 
ability in the filtrates of A. oryzae. One is the transglucosidase which is 
described in this paper; the other, to be reported at a later date, is a trans- 
fructosidase. At present it can be stated that in transfructosidase reactions 
fructosyl units of sucrose are transferred to cosubstrate saccharides, result- 
ing in the formation of tri- and tetrasaccharides composed of glucusyl and 
fructosyl moieties. 

The transglucosidase of A. oryzae synthesizes from maltose the disac- 
charide isomaltose, the trisaccharides 4-a-isomaltosyl-p-glucose (panose), 
and 6-a-isomaltosyl-p-glucose (dextrantriose), and the tetrasaccharide 4-a- 
dextrantriosyl-p-glucose. Initially, these reducing sugars were identified 
by paper chromatography. Later, sufficient quantities of the compounds 
were isolated for determination of physical and chemical properties. The 
specific rotations determined for our compounds agree with the literature 
values. On complete acid hydrolysis of the saccharides glucose was the 
sole monosaccharide produced. On graded acid hydrolysis all the theoreti- 
cally expected hydrolytic products were identified in the hydrolysates. 
This technique proved especially useful for characterizing the saccharides 
of higher molecular weight of which the supply was limited. Finally, 
crystalline flavazole derivatives were prepared from the isomaltose and the 
panose isolated from the digest. The x-ray diffraction patterns of the 
flavazoles matched the patterns obtained for the flavazoles prepared from 
isomaltose and panose of established purity. 

In most of the studies reported on the synthesis of carbohydrates, it has 
been found that such synthesis proceeds by a phosphorylation mechanism 
in which phosphorylated sugars function as intermediates. The possibility 
that transglucosidase action is a type of phosphorolysis was first considered. 
In studies on the réle of phosphorus in sucrose phosphorylase reactions, 
Doudoroff et al. (10) point out the difficulties encountered in attempting 
to remove phosphorus from enzyme preparations. Consequently, we did 
not attempt to prepare phosphorus-free enzyme solutions but tested the 
action of our enzyme on phosphorylated sugars which would be expected 
as intermediates in the reactions. We also examined the digest aliquots 
for phosphorylated intermediates at various stages of reaction. The en- 
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zyme did not synthesize oligosaccharides from glucose-l-phosphate and 
glucose or from glucose alone. Furthermore, there was no evidence of the 
presence of phosphorylated intermediates in the maltose digest. The phos- 
phorolytic route for the action of transglucosidase would seem to be elimi- 
nated. 

All of the oligosaccharides that are synthesized from the maltose by 
transglucosidase contain 1,6 linkages. Apparently the enzyme is capable 
of transferring glucose units linked by 1,4 linkages to the 6 position of 
appropriate cosubstrates in the system. The net result is the conversion 
of 1,4-linked glucosyl compounds into 1 ,6-glucosyl compounds. The re- 
action can be conveniently represented as occurring in two steps. In the 
first step the enzyme removes a glucosy] unit from the maltose and forms a 
glucosyl-enzyme intermediate. The energy state of the glucosyl-enzyme 
complex is such that the free energy change for the reaction in the direction 
of synthesis of 1 ,6 linkages is negative, while the free energy change for the 
reaction in the direction of synthesis of 1 ,4 linkages is positive. Evidence 
for this interpretation was obtained from experiments with radioactive 
glucose and maltose. The C"-glucose in the reaction mixture was in- 
corporated into the isomaltose and dextrantriose but not in the maltose 
and panose. | 

In Step 2 of the reaction, the glucosyl portion of the intermediate complex 
is transferred to a cosubstrate saccharide. In a maltose digest, glucose, 
maltose, isomaltose, and panose function as cosubstrates. The complete 
action on maltose is shown in the accompanying equations. Horizontal 
lines represent 1,4-glucosidic bonds, vertical lines 1 ,6-glucosidic bonds, 
and G—, the glucose unit with the free aldehyde group. 

A similar reaction mechanism has been suggested by Hehre (11) for the 
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enzyme dextran-dextrinase which converts a-1,4-glucose polymers (dex- 
trin) into 1,6-glucose polymers (dextran). Conclusive evidence for the 
transglucosidation mechanism for our enzyme was forthcoming from the 
tracer experiments. In these experiments a trace amount of C-glucose 
(1 per cent of total carbohydrate of the system) was included in the reac- 
tion mixture. According to Step 2 (a), this marked glucose should act as 
a cosubstrate in the synthesis of radioisomaltose. The radioisomaltose, in 
turn, can function as a cosubstrate, Step 2 (c), in the formation of radio- 
dextran trisaccharide. 

The rate of formation of the reducing sugars and the radio compounds 
in the digest was determined by analyzing aliquots of the mixture at vary- 
ing time intervals. First, the sugars in the digest aliquots were resolved 
on paper chromatograms; second, radioautographs of these were prepared; 
and, finally, the locations of the reducing sugars on the paper were found by 
spraying with appropriate reagents. Photographs showing the reducing 
sugars and the radioactive sugars in the digest at different stages of enzy- 
molysis are reproduced in Fig. 1. Comparison of the paper chromatogram 
and the radioautograph reveals the following facts: Initially, the digest 
contained glucose and maltose as reducing components, and glucose as the 
only radioactive component. After a 6 hour reaction period, isomaltose 
and panose were synthesized at the expense of the maltose, with a corre- 
sponding liberation of glucose. Of the synthesized compounds only the 
isomaltose was radioactive. The next period of analysis (12 hours) showed 
the presence of all the synthesized compounds we have listed. The iso- 
maltose and the panose were present in higher concentrations than the 
dextran trisaccharide and the tetrasaccharide. The compounds that were 
radioactive at this point were isomaltose and dextrantriose. The same 
reducing and radioactive products were present in the digest at the next 
two periods of analysis. The results of the tracer experiment are in accord 
with the reaction mechanism presented in Steps 1 and 2. 


The transglucosidase of Aspergillus oryzae synthesizes from maltose 
the disaccharide isomaltose, the trisaccharides 4-a-isomaltosyl-p-glucose 
(panose), and 6-a-isomaltosyl-p-glucose (dextrantriose), and the tetrasac- 
charide 4-a-dextrantriosyl-p-glucose. The identities of these compounds 
were established from a comparison of the mobilities on paper of the syn- 
thesized and reference compounds, from optical rotation values, from 
identification of products of partial acid hydrolysis, and by preparation of 
crystalline flavazole derivatives. By using C-glucose in the reaction mix- 
ture, it has been shown that the enzyme action involves the transfer of 
glucosyl units from 1,4-glucosidic compounds to the 6 position of cosub- 
strate saccharides resulting in the synthesis of new 1 ,6-oligosaccharides. 
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EFFECT OF AURINTRICARBOXYLIC ACID ON BERYLLIUM 
INHIBITION OF ALKALINE PHOSPHATASE 


By ARTHUR LINDENBAUM, MARCIA R. WHITE, ann JACK SCHUBERT 
Wits THe Tecunicau Assistance or Mary H. Graves 
(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Chicago, Illinois) 
(Received for publication, December 20, 1951) 


In the investigations of Schubert and White (1) on the metabolism of 
injected beryllium salts it was concluded that the treatment of beryllium 
poisoning might involve the use of an agent that would form an insoluble 
compound or lake with ionized Be. Subsequently it was found that the 
ammonium salt of aurintricarboxylic acid (ATA), an organic reagent which 
forms a stable lake with beryllium, afforded remarkable protection against 
acute experimental beryllium poisoning in mice and rats (2). Inasmuch 
as it has been suggested that the toxic properties of beryllium might be 
related to its inhibitory action on magnesium-activated phosphatases, es- 
pecially alkaline phosphatase (3-6), it was of interest to determine whether 
ATA, either in vitro or in vivo, could reverse or modify the inhibition of 
alkaline phosphatase by beryllium. 


EXPERIMENTAL 


Female Sprague-Dawley rats, weighing 250 to 270 gm., were used. The 
alkaline phosphatase activity of plasma and tissue homogenates was meas- 
ured by the method of Bodansky as modified by DuBois ef al. (5). When 
Be or ATA solutions were added to the test systems, they replaced an 
equal volume of water. Tissues were homogenized (7) in 10 to 15 ml. of 
cold distilled water and a 0.3 ml. aliquot was assayed. 0.1 ml. of plasma 
from freshly drawn cardiac blood was assayed directly.!_ Beryllium was 
used in aqueous solution prepared from BeSO,-4H;,0 (c.p., Eimer and 
Amend). Solutions of ATA were prepared by dissolving the ammonium 
salt (Eastman) in water and, when used for injection, the pH was adjusted 
to approximately 7.3. In the experiments in vivo the Be and ATA solu- 
tions were injected into a tail vein. 


RESULTS AND DISCUSSION 
Effects of Be and ATA on Alkaline Phosphatase in Vitro—The inhibition 
of plasma alkaline phosphatase by Be alone was nearly complete in con- 


, 'No difference in the alkaline phosphatase activity of serum and plasma was 
ound. 
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centrations of Be above 1.7 X 10-5 m (Table I). Extrapolation of the 
data gave about 2 X 10-* m as the concentration of Be necessary to produce 
50 per cent inhibition. This agrees with the value of 1.8 X 10-* m re- 
ported by DuBois et al. (5, 8). 

ATA inhibited plasma alkaline phosphatase, but to a markedly lesser 
degree than did Be (Table I). The molar concentration of ATA necessary 
to produce 50 per cent inhibition was approximately 1 X 10° m. 

The ability of ATA to reverse the Be-induced inhibition of plasma alka- 
line phosphatase in vitro was tested in two ways: (a) by maintaining the 
concentration of Be constant at 5 X 10-° m and varying the ATA and 
(b) by maintaining the ATA concentration constant at 2.5 X 10“ M, a 


TaBLeE I 
Effect of Beryllium or ATA Concentrations on Alkaline Phosphatase of Rat Plasma 
in vitro* 
Be concentration | Inhibition ATA concentration : Inhibition 
moles per |. | per cent | moles per 1. per cent 
10 | §& XX los 14 
1.25 x 78 2.5 10° 13 + 3t 
1.67 10°° 5.0 22 
2.5 xX 10°45 SY 7.5 X 10° 38 
5.0 xX 92 + If 
1.25 x | 
2.5 10° | | 
5.0 X10* 92 | 


* Average of at least three determinations. 
t Average value from fifteen separate runs. 
t Average value from twenty-one separate runs. 


point at which the inhibition was in a minimum range of approximately 
13 per cent, and varying the Be. The two sets of data agree remarkably 
well (Fig. 1) and both demonstrate the ability of ATA to reverse the Be- 
induced inhibition. At a concentration of Be which normally produces 
over 90 per cent inhibition of plasma alkaline phosphatase, a molar ratio 
of ATA:Be = 3 reduced the inhibition to 50 per cent. Practically com- 
plete reversal of the Be-induced inhibition required a molar ratio of about 
15, which is in general agreement with the physicochemical studies of Thrun 
(9) who found that the maximum stability of the lake formed between Be 
and ATA required a molar ratio of ATA: Be of about 20. 

In contrast to the results on plasma, it was found that the addition of 
ATA to liver and spleen homogenates not only did not reverse the Be- 
induced inhibition of the alkaline phosphatase but actually increased the 
inhibition (Table II). This effect may be related to the fact that the 
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inhibition of liver and spleen alkaline phosphatase by ATA alone was much 
greater than that produced by most of the Be concentrations employed 
or by this concentration of ATA alone acting upon plasma. 

The molar concentration of Be necessary to produce 50 per cent inhibi- 
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MOLAR RATIO OF ATA:Be 
Fic. 1. Effect of varying concentrations of ATA or beryllium on the beryllium- 
induced inhibition of alkaline phosphatase in rat plasma in vitro. Each point repre- 
sents the average of at least three determinations. 
Taste II 
Effect of Beryllium and ATA on Alkaline Phosphatase of Rat Tissues in vitro* 


Tissue Be concentration, | Inhibition with Be only | ATA aso added to 
per cent per cent 
Livert 0 24 
1.0 3 8 
1.25 10 18 
1.67 9 22 
2.5 10 20 
5.0 26 34 
25.0 52 
Spleent 0 29 
1.0 6 21 
1.25 12 29 
1.67 17 25 
2.5 19 21 
5.0 17 31 


* Average of at least three determinations. 
t 15 ml. of homogenate prepared from 2.55 gm. of liver. 
$15 ml. of homogenate prepared from 1.33 gm. of spleen. 


* 
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tion in rat liver was about 2.5 X 10~‘ M, confirming the value of 2.8 x 
10-* m reported by Cochran et al. (8). It is of interest to note, however, 
that the 2.5 X 10-* m concentration of Be induced nearly complete inhibi- 
tion of liver alkaline phosphatase when the tissue was homogenized directly 
in beryllium sulfate solution rather than in water. 

Effects of Be and ATA on Alkaline Phosphatase in Vivo—Studies were 
made on the inhibition of plasma alkaline phosphatase as a function of 
time following various doses of Be. Intravenous administration of doses 
of Be of 0.2, 0.4, 0.6,? and 0.8 mg. per kilo produced maximum inhibition 
(76 to 80 per cent) of the plasma alkaline phosphatase within 15 minutes. 
There was then a gradual return to the normal activity within 12 to 48 
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Fig. 2. Effect of beryllium dose on the inhibition in vivo of plasma alkaline phos- 
phatase in rats. Cardiac blood samples were withdrawn 2 hours after the intra- 
venous injection of beryllium sulfate. Three animals were used at each dose level. 
Samples from each animal were analyzed in triplicate. 


hours. The time of recovery of normal activity seemed to be proportional 
to the dose, with large individual variations. 

The effect of smaller amounts of Be was ascertained in rats sacrificed 
2 hours after injection. The plasma alkaline phosphatase was inhibited 
by as little as 0.01 mg. of Be per kilo. Above 0.025 mg. per kilo there 
was a marked increase in inhibition. A dose of 0.2 mg. per kilo produced 
nearly the same amount of inhibition as 0.6 mg. per kilo (Fig. 2). 

The alkaline phosphatase activities of liver and spleen were unaffected 
by doses of Be as high as 0.6 mg. per kilo. Cochran ef al. (8) found that 
doses as high as 15 mg. of Be per kilo also had no effect. 

The effect of two different dosages of ATA on plasma alkaline phospha- 
tase was studied in rats which had received 0.2 mg. per kilo of Be 1 hour 
before the ATA. One group received 26.3 mg. of ATA per kilo (molar 
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ratio of injected ATA:Be = 2.5). The observed inhibition of alkaline 
phosphatase as a function of time was essentially unchanged from values 
obtained on rats receiving this dose of Be alone. For example, 1 hour 
after ATA injection (2 hours after Be) the inhibition of alkaline phospha- 
tase Was 73 per cent, agreeing closely with the corresponding value for Be 
alone (Fig. 2). When the dose of ATA was increased to 150 mg. per kilo*. 
(molar ratio of ATA:Be = ~14), a marked reversal of the Be-induced 
inhibition was observed. 1 hour after ATA (2 hours after Be) the alkaline 
phosphatase activity was only 10 per cent inhibited as compared to 81 per 
cent inhibition in rats receiving Be alone. 

When the molar ratio of ATA:Be in the blood was calculated for the 
two different levels of ATA employed, it was found that the observations 
agreed closely with the results in vitro shown in Fig. 1. Thus, from data 
on the metabolism of radioactive Be and ATA (10) we found that 2 hours 
after Be administration (0.2 mg. per kilo) and 1 hour after ATA (26.3 
mg. per kilo) the molar ratio in the blood of ATA: Be was 1. At this ratio 
no reversal of the inhibition is to be expected. At the same time interval 
a dose of 150 mg. of ATA per kilo afforded a molar ratio of ATA: Be in 
the blood of 7. At this ratio nearly maximum restoration of plasma alka- 
line phosphatase activity occurred in vivo as well as in vitro. 

The 150 mg. per kilo dose of ATA alone caused a marked inhibition of 
plasma alkaline phosphatase. The inhibitions at 0.5, 2, 8, 16, and 24 
hours after ATA injection were 9, 11, 42, 66, and 74 per cent, respectively. 
These results are not unexpected because this dose of ATA corresponds 
to an average blood concentration of approximately 0.5 < 10-* m during 
this period (10).4 From the results in vitro (Table I) it has been pointed 
out that a concentration of about 1 X 10-* m of ATA would produce 50 
per cent inhibition. 

The comparatively slow development of the inhibition of plasma alka- 
line phosphatase by ATA is in marked contrast to the nearly immediate 
inhibition of Be. 


DISCUSSION 


Our experimental results, both in vivo and in vitro, on the quantitative 
relations between Be and ATA in their inhibition of alkaline phosphatase 
activity support the postulate that ATA inactivates Be in biological sys- 
tems by chemical means, presumably by the formation of an inactive, 
insoluble lake. 

The inhibitory effect of Be on alkaline phosphatase activity, however, 

*In our experience this dosage produced no gross toxic effects. 


‘The assumption is made in these computations that the percentages of injected 
doses of Be and ATA in the blood are essentially the same for rats and mice. 
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is probably not directly related to its acute toxic action, since (a) non-toxic 
doses of Be cause maximum inhibition of plasma alkaline phosphatase,‘ 
and (b) the amounts of ATA capable of preventing death in animals acutely 
poisoned by Be are not capable of reversing the Be-induced inhibition of 
alkaline phosphatase activity. 

It is possible, however, that other phosphatases (such as phosphogluco- 
mutase in the liver (8)) may be involved in the toxic action of Be and that 
ATA might reverse these effects. 

A fuller discussion of the mechanism of protection of ATA in acute 


beryllium poisoning is given in a separate paper (10). 
SUMMARY 


Aurintricarboxylic acid (ATA) reversed the inhibition of plasma alka- 
line phosphatase induced by beryllium, both in vitro and in vivo, in rats 
when the molar ratio of ATA: Be was greater than 1. Maximum reversal 
was obtained when the molar ratio was about 15. 

Plasma alkaline phosphatase was inhibited in vivo by as little as 0.01 mg. 
of Be per kilo when given intravenously. Between 0.2 and 0.8 mg. per 
kilo of Be produced maximum inhibition (about 78 per cent) within 15 
minutes, after which the activity gradually returned to normal within 12 
to 48 hours. These amounts of Be had no effect upon the alkaline phos- 
phatase of liver and spleen. 

ATA itself inhibited the alkaline phosphatase of liver, spleen, and plasma. 

It is concluded that the experimental data are consistent with the postu- 
late of lake formation as the mechanism by which ATA exerts its protec- 
tive effect against acute beryllium toxicity. 
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* Klemperer (11) has pointed out that in certain cases of chronic berylliosis the 
concentrations of Be found in the lungs were about 10 times smaller than the amount 
required to inhibit the alkaline phosphatase. 


Cochran, K. W., Zerwic, M. M., and DuBois, K. P., J. Pharmacol. and Exp. 
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STUDIES ON THE MECHANISM OF PROTECTION BY 
AURINTRICARBOXYLIC ACID IN BERYLLIUM 
POISONING. I 


By JACK SCHUBERT, MARCIA R. WHITE, anp ARTHUR LINDENBAUM 


(From the Division of Biological and Medical Research, Argonne National Laboratory, 
Chicago, Illinois) 


(Received for publication, December 20, 1951) 


Aurintricarboxylic acid (ATA) has been found to be an effective treat- 
ment for acute beryllium poisoning in mice and rats (1). The basis for 
testing ATA was the postulate that a compound which formed an insoluble 
lake with Be would reduce the amount of ionized Be available to induce 
tissue damage (2). In a further investigation of this problem several 
experiments have been conducted. These include (a) determination of 
the distribution and excretion of labeled Be and ATA in mice and rats, 
and (b) experiments on the effects of other substances, either structurally 
similar to ATA or known to react chemically with Be, on the survival of 
Be-poisoned mice. Additional information on the mechanism of action is 
reported in a separate paper (3) dealing with the reversal of Be-induced 
inhibition of alkaline phosphatase by ATA. 

EXPERIMENTAL 

Distribution Studies—Radioactive beryllium, Be’, was injected intrave- 
nously into adult, female, CF-1 mice weighing 23 to 25 gm. Each mouse 
received 0.25 ml. of a beryllium sulfate solution containing 17.8 y (LDgg5) 
of non-radioactive Be and about 0.1 mc. of Be’, equivalent to 6000 to 
7000 c.p.m. under our counting conditions. The solution was prepared 
by adding carrier-free Be’Cl, in HCI solution, as received from Oak Ridge, 
containing 2.34 mc. of Be’ per ml., to a solution of BeSO,. Treated ani- 
mals were given a single intravenous injection of 4 mg. of the ammonium 
salt of ATA (Eastman practical grade, 4 per cent solution in twice dis- 
tilled water) either 1 hour before or 1 or 7 hours after the Be injection. 
Each group of three mice was kept in a metabolism cage from which pooled 
amples of urine and of feces were collected every 24 hours. At sacrifice, 
48 hours after Be’ injection, tissues were removed for radioberyllium 
analysis. Ashing of the tissues and counting procedures for Be’ were the 
same as those employed earlier (2). 

ATA was prepared with C¥ in the central carbon position by allowing 
C“.labeled formaldehyde to react with salicylic acid according to the 
method described by Welcher (4), with slight modifications to permit 
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carrying out the procedure in a closed system. Solutions of the ammonium 
salt were prepared just before use and adjusted to pH 7.3 with NaOH 
solution. 

Adult, female, Sprague-Dawley rats, weighing 180 to 210 gm., were 
used for distribution studies of the C-labeled ATA. Each rat was in- 
jected intravenously with 19.2 mg. of the ammonium salt containing about 
3.5 X 10° c.p.m. under our counting conditions. One-half of the animals 
had received an intravenous injection of 0.6 mg. of Be per kilo (LDgs) in 
an aqueous solution of BeSO, 1 hour earlier. Rats were sacrificed at in- 
tervals from 1 to 24 hours after the ATA injection and tissues were removed 
for C™ analysis. 

The tissues were prepared for C" assay by drying in vacuo, homogenizing 
in ether, and placing a smoothed “thick sample” of the powdered residue 
in aluminum counting dishes. The ether-soluble fractions were pooled and 
counted separately. The samples were counted beneath a thin (2 mg. per 
sq. cm.), end mica window, Geiger tube. 

Survival Experiments—Adult, female, CF-1 mice, weighing 21 to 31 gm., 
were injected intravenously with 0.7 mg. of Be per kilo in an aqueous solu- 
tion of chemically pure BeSO,. 1 hour later single intravenous injections 
were given for treatment. 

Solutions used for treatment were made with twice distilled water with 
the exception of phenol red, which was dissolved in 1 per cent sodium 
bicarbonate. Cupferron was kept under refrigeration in the crystalline 
form and the injection solution was freshly made on the day of use. East- 
man practical grade of the ammonium salt of ATA was used except where 
stated otherwise. The ATA was weighed as the salt and dissolved in 
water, and the pH adjusted to about 7.3. In one experiment purified 
preparations of both the ammonium and the sodium salts were prepared 
(4) and sterilized before use by autoclaving for 20 minutes at 15 pounds 


pressure. 
Resulls 


Effect of ATA on Distribution of Radioberyllium—This experiment was 
designed to parallel previous survival experiments (1) in which the effec- 
tiveness of ATA as a treatment for acute Be poisoning in mice was demon- 
strated. Mice were injected intravenously with an LD, of labeled BeSO, 
(0.7 mg. of Be per kilo). ATA-treated mice received 4 mg. of the ammo- 
nium salt either 1 hour before, 1 hour after, or 7 hours after the Be injec- 
tion. Except for some of the controls sacrificed 1 and 7 hours later, all 
mice were sacrificed 48 hours after the Be injection. 

The blood content of Be’ dropped rapidly after injection, from approxi- 
mately 51 per cent of the dose at 1 hour to 9 per cent at 7 hours (Table 
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I). It should be noted that ATA treatment given at either of these times 
or | hour before the Be markedly increased survival of Be-poisoned mice (1). 


Taste I 


Effect of Aurintricarborylic Acid (ATA), Ammonium Salt, on Distribution and 
Excretion of Injected Be’-Labeled BeSO, in CF-1 Mice* 


Control mice Treated mice 


— 


ATA ATA 


hr. before hrs 
Be after Be. after Be 
Tissue 
Time of sacrifice after Be injection 
| 1 hr. 7 hrs. | 48 hrs. 48 hes. 48 bes. 
| Per cent of injected dose 
40.3'406 40.1 +0.1 
| 40.1) 40.2) 40 40.1 40.2 
tl +0 +3 +1 | +1 +2 
£0.2| 40.2) 40.1) 40.2 40.2 
| 16] O09] 10] 1.3 1.8 
 +0.2 40.1; 40.1; +0.3 40.1 +0 
+3 +0.1 | | 
66 50 41 44 | 42 | 30 
| 23 | +1 +1 +0 +0 
Urine, | 10.1 11.3) 5.2) 5.3 
| 2.0 Lost 2.7 1.9 
| 06, 17 19 0.6 
Total excreted, urine + feces. ...... 14.8 >14.6 114, 8.9 
Minimum recovery................. 85 89 88 96 91 | 86 


* All injections were intravenous. Each figure is followed by the standard error 
of the mean and is the mean of determinations on three mice in every group except 
the one treated at 7 hours and their controls which are each represented by two 
mice. One of the three mice in the group treated at 1 hour died at 24 hours; hence 
the figures for that group are from two mice only except for the Ist day’s excreta. 

t The blood was assumed to be 6 per cent of the body weight. 

t Activity corrected for Be’ withdrawn in blood samples. 

§ Average of pooled samples. 


Of the tissues analyzed for Be’ after 48 hours, only the kidneys showed an 
appreciable effect of the ATA on the distribution of beryllium, the kidney 
content increasing at least 2-fold in all the treated groups. The variations 
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in the amounts of Be excreted are of dubious significance, especially in 
consideration of the difficulties of collecting excreta from mice. 

Distribution of C¥-Labeled ATA with and without Previous Injection of 
Be—The data on the uptake of ATA by rat tissues from 1 to 24 hours are 
given in Table II. In general there was no rapid change in the ATA con- 
tent of the tissues analyzed over the first 24 hours in rats receiving ATA 
alone or Be and ATA except for the blood concentration. 

24 hours after administration the ATA was principally in the pelt, gas- 
trointestinal tract, and excreta. The general distribution of ATA is fairly 
typical of colloidal dyes (5). Previous administration of Be produced no 
marked effect on the distribution of ATA in the tissues by 24 hours except 
in the kidneys and spleen. 

As a check on the method of radioactivity assay all the tissues of two 
24 hour rats were analyzed and found to contain a total of 105 and 109 
per cent of the injected dose. Pooled ether-soluble fractions from the tis- 
sues of each animal contained negligible amounts of activity. 

Effects of Various Substances on Survival of Mice Acutely Poisoned with 
BeSO,—Several substances were selected which did not cause any observ- 
able toxic effects when injected into mice at the dosages desired.! These 
were either triphenylmethane type dyes similar in structure to ATA (acid 
fuchsin, fluorescein, and phenol red) or other substances containing chelat- 
ing groups (alizarin red S and cupferron) (6). The dyes and cupferron 
were injected into mice given an LD,; of BeSO, 1 hour earlier. One con- 
trol group received Be and ATA, while another received Be only. The 
dose of each substance was calculated to give an initial molar ratio with 
Be of 2:1, since this ratio with ATA had been found to be therapeutically 
effective (1). The results, presented in Table III, were negative for all the 
substances tested; only the ATA prevented death in the Be-poisoned mice. 

Trypan blue (4 mg. per mouse) and Congo red (0.5, 1, and 3 mg.) were 
similarly tested for their effect on the survival of Be-poisoned mice. These 
substances also gave negative results. 

Effect of Heat Sterilization on ATA—After preliminary work had shown 
that heat sterilization (autoclaving for 20 minutes and 15 pounds pressure ) 
of solutions of the ammonium salt of ATA markedly reduced its effective- 
ness in treating acute Be poisoning, experiments were performed to test the 
effects of sterilization on the effectiveness of both the ammonium and the 
sodium salts. Since it was thought that the impurities present in the prac- 
tical grade ammonium salt might be responsible for the loss of effectiveness 
on sterilization, a twice repurified ammonium salt was prepared (4). The 

1 Other substances which proved to be too toxic to consider as a treatment were 
tannic acid, quinalizarin, and quinizarin (reagents reacting with Be), and the tri- 
phenylmethane dyes crystal violet and malachite green. 
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Taste Ill 
Effect of Various Compounds on Survival of Mice Given LD; of Beryllium Sulfate* 


Per cent survival 


Days to 
mouse dye: Be death 7 days | 16 days days 
after Be after Be after 
| 
None (Be only)................| | 5) 2.7 | 12 4 4 
Ammonium salt of ATA........ (2.0 2:1 20 9 | 85 | 
2:1 | 15 2.8 | 0 0 0 
Fluorescein...................., 1.4 | 2:1 | 15 2.8 [18.83] 6.7] 6.7 
Alizarin red St... | 0 40 0 | 10 
4:1 10 15 | O 0 0 


* Each mouse received a single injection 1 hour after injection of 0.7 mg. of Be 
per kilo. 
+ Larger doses of this dye were toxic. 


Tasie IV 


Effect of Heat Sterilization of Ammonium and Sodium Salts of ATA on Their Ability 
to Protect Mice Given LD,, of Beryllium Sulfate* 


ATA treatment | Per cent survival 
mice 
days | 16 120 days 
son after after Be after 
None 20 9 85 | 8O 
“ evystals 2.0 10 100 | 100 | 90 
None 20; @ 70 70 | 70 
“ Of solution 2.0 10 2 2 | 2% 


* Each mouse received a single injection 1 hour after injection of 0.7 mg. of Be 
per kilo. Sterilization was achieved by autoclaving for 20 minutes at 15 pounds 
pressure. 

+ Ammonium salt, Eastman practical grade. 

t Ammonium salt prepared according to Welcher (4). 

§ The purified sodium salt of ATA was also made from aurintricarboxylie acid 


(4). 


results summarized in Table IV show that the sterilization procedure al- 
most completely removed the capacity of solutions of the ammonium salt 
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to protect mice acutely poisoned with Be. However, when the crystalline 
ammonium salt and the water were autoclaved separately before making 
the injection solution, the solution was completely effective. Sterilization 
of solutions of the sodium salt did not reduce its effectiveness.’ 

The loss of effectiveness against Be poisoning with sterilization of the 
ammonium salt of ATA is believed to be due to reduction in chelating 
ability, probably as a result of amide formation. No appreciable change 
in pH occurred after autoclaving. Light absorption measurements be- 
tween 400 and 700 my, made with a Beckman DU spectrophotometer, 
revealed no significant differences in absorption spectrum bet ween the steri- 
lized and unsterilized ammonium or sodium salts. 


DISCUSSION 


The ineffectiveness of substances other than ATA which were used for 
treating beryllium-poisoned mice indicates that the reactive groups (i.e., 
the ortho carboxyl, hydroxyl groups) on the triphenylmethane nucleus of 
the ATA molecule are essential to its activity, and also that combination 
of ATA or similar substances with tissue proteins is not a factor in the 
protection afforded by ATA. 

The fact that ATA is effective when given after approximately 91 per 
cent of the Be has left the circulation, as well as when most of it is still in 
the blood, shows that the reaction between ATA and Be takes place in 
other tissues besides blood. 

The protective action of ATA cannot be attributed to increased excretion 
or to a relocation of Be to less sensitive tissues, since ATA had practically 
no effect on the distribution or excretion of Be. 

Since presumably only soluble or ionized beryllium causes tissue damage, 
the amount of Be in a tissue is not necessarily a criterion of the potential 
toxicity (2). For instance, following the injection of soluble beryllium sul- 
fate, a considerable fraction of the Be is rapidly converted to insoluble 
beryllium hydroxide (2). It is therefore of interest to estimate the fraction 
of the dose which is directly responsible for tissue damage. This can be 
done by considering the relative amounts of ATA and Be present in the 
liver of beryllium-poisoned animals, since liver necrosis is primarily respon- 
sible for death in acute beryllium poisoning (7, 8). The minimum amount 
of ATA required to insure nearly complete survival of rats receiving 0.6 
mg. of Be per kilo (Lg) is about 25 mg. per kilo (1). Under these condi- 


? Although the sterilized sodium salt of ATA was as effective as the ammonium 
salt in protecting Be-poisoned mice, it had an LDgo of approximately 170 mg. per 
kilo when injected intravenously, roughly half that of the unsterilized ammonium 
salt. 
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tions 11 per cent of the injected ATA and 30 per cent? of the Be are in the 
rat liver (Tables I and II). Consequently, the over-all molar ratio of 
ATA: Be in the liver under conditions insuring survival is about 0.25. A 
molar ratio of approximately 15 was found to cause maximum reversal of 
the Be-induced inhibition of alkaline phosphatase in vitro (3) and to main- 
tain the stability of the Be-ATA complex (9). From the assumptions that 
Be in the liver is the only factor responsible for death in the acutely poi- 
soned animal and that all the ATA is available for reaction with the beryl- 
lium, it is estimated from the foregoing data that only about 1.7 per cent 
or less of the Be in the liver following an LDg; acts to damage the liver. 

It is of interest to consider the chemical reasons for the effectiveness of 
ATA against Be poisoning. The reaction between Be and ATA proceeds 
first by chelation, followed by the formation of a stable colloid or lake. 
The complex-forming ability of ATA appears to be due to the presence of 
the ortho carboxy], hydroxyl groupings in the molecule. It has been found 


(10) that the formation or ae between Be and 2 
H 


molecules having the grouping H, as in ATA, is very large, 


of the order of 10° at pH 7 and ionic strength 0.16. Little interference 
from Ca++ or other alkaline earths can occur because their formation con- 
stants with this grouping are very small, being in the range of 10~ to 10? 
(11, 12). 

Unlike the chelates formed with simpler molecules, such as salicylic or 
sulfosalicylie acid, the chelate of Be with ATA leads to the formation of a 
large colloidal aggregate, a lake, which is non-diffusible and which tends to 
remain at the site of formation. Once ATA has come in contact with a 
Be particle embedded in the tissue, the subsequent inactivation of the ion- 
ized fraction can be expected to be sustained over long periods. The his- 
tochemical work of Denz (13) shows that lake formation between Be and 
a dye structurally similar to ATA (naphthochrome green B) takes place 
even when the Be has been bound to tissue proteins for several months. 
It is thus possible that ATA might be useful in the treatment of the chronic 
as well as the acute form of Be poisoning. The simultaneous use of such 
substances as adrenocorticotropic hormone might also be of value in re- 
ducing the surrounding granuloma, therefore facilitating combination of 
ATA with the Be particle. 

From a chemical standpoint other substances, such as the chrome color 


* Our figure of 30 per cent of the dose of Be in the liver of mice, obtained by Be’ 
analysis, corresponds to the figure obtained in rats injected intravenously with a 
comparable dose of Be by Aldridge et al. (7), who used a chemical analysis for Be. 
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dyes (14) containing the ortho carboxyl, hydroxyl groups or other groups 
which chelate under physiological conditions, might be expected to be of 
value in the treatment of poisoning caused not only by Be but by other 
metals such as aluminum and chromium. 


SUMMARY 
Aurintricarboxylic acid (ATA) had no effect on the distribution or ex- 


cretion of Be’ injected with carrier BeSO, into mice, except to increase the — 


amount of Be in the kidneys. 

Most of the C"-labeled ATA injected intravenously into rats was found 
in the gastrointestinal tract, excreta, and skin. The injection of BeSO, 
1 hour prior to ATA increased the amount of ATA in only the kidneys 
and spleen. 

The injection of triphenylmethane dyes other than ATA (fluorescein, 
phenol red, and acid fuchsin), of alizarin red S, or of cupferron 1 hour after 
injection of the LDg9s5 of Be into mice did not increase survival. 

Heat sterilization removed the capacity of solutions of the ammonium 
salt of ATA to protect mice acutely poisoned with Be but had no effect on 
the effectiveness of solutions of the sodium salt of ATA. 

It is postulated that the protective action of ATA in Be poisoning in- 
volves a combination of chelate formation between Be and the ortho car- 
boxyl, hydroxyl groupings in the ATA molecule and conversion to a non- 
diffusible colloidal aggregate, a lake. 
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STUDIES ON THIAMINASE 
I. ACTIVATION OF THIAMINE BREAKDOWN BY ORGANIC BASES* 
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TASHIRO, KIYOSHI UEDA, ann SADAHITO SAKAMOTO 
(From the Biochemical Institute, Kyoto Prefectural University of Medicine, Kyoto, 
Japan) 


(Received for publication, September 13, 1951) 


In 1942 Fujita and Numata (1) found an enzyme in shell-fish which 
decomposes ‘thiamine and was named “aneurinase.” This work was in- 
dependent of American researches on the fish enzyme (with regard to the 
latter, see the review by Yudkin (2)). The properties of the shell-fist® 
enzyme were reported in detail (1,3). The enzyme was found in a number 
of shell-fish (except the oyster and some others) and crustaceans, especially 
in the viscera (4). It was also observed that added thiamine disappeared 
after incubation with suspensions of intestinal bacteria, while heated sus- 
pensions were inactive (4). It was suggested that bacteria such as Esch- 
erichia coli, Salmonella paratyphi, Staphylococcus aureus, and Bacillus sub- 
tilis may contain thiaminase, but it was later demonstrated that the miss- 
ing thiamine reappeared after incubation with Taka-Diastase and that its 
disappearance was probably due to phosphorylation (5). In 1948 Chang 
(6) noticed that the feces of a patient with habitual constipation and 
thiamine deficiency contained thiaminase, and in 1949 Matsukawa and 
Misawa (7) isolated a thiaminase-producing organism from thiaminase- 
containing feces. Fujita et al. (8) and Kimura and Hayashi (9) concluded 
that the above organism is closely related to Bacillus alvei (10), but differs 
from the latter in some respects. 8B. alvei and other closely related species 
were found not to produce thiaminase (9). On recommendation of the 
Subcommittee on Thiaminase of the Vitamin B Research Committee (Ja- 
pan) the organism was recognized as a new species of the genus Bacillus 
and was named Bacillus thiaminolyticus' (11). Thus we know at present 
three kinds of thiaminase according to its source; namely, shell-fish, fish, 

* The results reported in this paper were presented on October 21, 1949, at the 
Thirty-fourth meeting of the Vitamin B Research Committee (Japan), July 15, 
1950, at the Fortieth meeting of the same committee, and April 28, 1950, at 
the Twenty-second annual meeting of the Japanese Biochemical Society. 

! The bacteriological characteristics are as follows: aerobic, gram-variable bacilli 
with terminal spores; colonies adhere to the agar media and form a thick mucous 


surface pellicle when grown in broth; thiaminase activity in the culture supernatant 
is highest after 3 days at 37°. 
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Kaminishi (12) found in our laboratory that sulfhydryl compounds 
activate shell-fish thiaminase; for example, 10~* M cysteine produced about 
170 per cent activation. Murata (13) investigated the specificity of shell- 
fish thiaminase, using as substrates various thiamine derivatives, sub- 
stituted in the 2 or 4 position of the pyrimidine or the 5 position of the 
thiazole moiety. She found that the free amino group in the 4 position 
of the pyrimidine was essential for enzymatic action, while substitution at 
the 2 position in the pyrimidine and the 5 position in the thiazole had little 
influence. Sealock and Livermore (14) studied the effect of various thi- 
amine analogues on thiamine breakdown and observed that the enzyme 
of carp viscera was markedly inhibited by o-aminobenzyl-(3)-4-methyl- 
thiazolium chloride as well as by the 2-methylthiazolium compound, but 
was inhibited to a lesser extent by the 2,4-dimethylthiazolium derivative, 
and was scarcely inhibited by p-aminobenzy]-(3)-4-methylthiazolium chlo- 
ride. On the other hand, about 50 per cent activation was observed with 
the m-aminobenzyl compound. Sealock and Davis (15) also observed an 
activation by m-nitroaniline and m-aminobenzoic acid of the breakdown 
of thiamine by the fish enzyme. 

We have studied the effect of many nitrogenous as well as sulfhydryl 
compounds upon thiaminase of shell-fish, fish, and bacteria and have found 
a remarkable activation by some aromatic and heterocyclic amines; in 
some cases the activation amounts to as much as 2000 per cent. The 
degree of activation varies with the structure of the compound tested and 
with the source of the enzyme. The above findings, which proved to 
throw considerable light on the mechanism of the reaction catalyzed by 
thiaminase, are reported in detail in this paper. 


Preparation of Enzyme Solution 


The clam Meretrix meretrix L. was used as a source of shell-fish thi- 
aminase. The contents of the shell-fish are thoroughly ground with a 
small amount of water and sand, and the mixture is adjusted to pH 4.5 
with 1 n HCI and diluted 10-fold. The mixture is kept at 30° for 15 min- 
utes with occasional stirring and centrifuged. The supernatant is used 
for the experiments either directly or after suitable dilution. The vis- 
cera, especially the liver, kidney, and spleen of a crucian (Carassius caras- 
situs L.), were used as a source of fish thiaminase. The extract was pre- 
pared as above. The supernatant obtained by centrifugation of a 3 day 
aerobic culture of B. thiaminolyticus in broth at 37° was the source of the 
bacterial enzyme. Some properties of the above enzymes are summarized 
in Table I. No oxygen is required for activity of any of the three en- 
zymes. The properties of the three types of enzyme have been reported 
in detail elsewhere (1, 16, 17). 
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Procedure 


Thiaminase activity was expressed as the percentage of thiamine broken 
down in 1 hour at 50°. The experimental samples contained enzyme 
(1.0 ml.), 0.02 m citrate buffer of pH 5.5 (2.0 ml.), thiamine (1 y), 0.005 
m test substance (4.0 ml.), and water in a final volume of 20 ml. Suitable 
controls were carried out by omitting either thiamine or the test substance 
and with samples with heat-inactivated enzyme (20 minutes at 100°) 
both in the absence and presence of the test substance. In the experi- 
ments with bacterial thiaminase 0.0133 m phosphate buffer at pH 6.5 was 
substituted for the citrate buffer. After incubation the samples were 
deproteinized with 5 ml. of 10 per cent metaphosphoric acid. The super- 
natant was adjusted to pH 4.5 with 1.0 N NaOH and thiamine was deter- 


TaBie I 
Properties of Shell-Fish, Fish, and Bacterial Thiaminase 
Shelll-fish | Fish | Bacteria 

Optimum «0 6.0 | 

as temperature, °C......... 60 43 30 
Heat inactivation................. 90°, 15 min.) 90°, 10 min. | 100°, 20 min. 
Effect of 10-? m heavy metal salts, | 

% activity change | | 

Fe,(SO,); | —10 —32 | 0 

MnSO, | — 36 | 


mined, following its adsorption on Permutit, by a modification of the 
thiochrome method (18). The Permutit was preliminarily treated as 
described by Hennessy (19). After the solution was passed through the 
Permutit column, the column was washed two or three times each with 
10 ml. of water and the adsorbed thiamine was eluted with 15 ml. of boil- 
ing 25 per cent KC! in 0.1 nN HCl. A mixture of 0.1 ml. of 1 per cent 
potassium ferricyanide and 3.0 ml. of 30 per cent NaOH was added to 
the eluate and the whole was vigorously shaken with 8 ml. of butanol. 
After centrifugation, the upper layer was transferred .to a test-tube con- 
taining 1 gm. of anhydrous sodium sulfate, and the mixture was well 
shaken. 5 ml. of the clear supernatant were used for the fluorometric 
determination of the thiochrome. 


Effect of Aromatic Amines 


As shown in Table II, the enzymatic breakdown of thiamine is markedly 
activated by certain aromatic amines. Qualitatively the results were 
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similar with the shell-fish and the fish enzyme, but in the former case the 
activation by each substance was about 10 times higher than in the latter. 

‘ith the bacterial enzyme the results were qualitatively somewhat dif- 
ferent. Aniline was one of the most active compounds with each of the 


Taste II 
Effect of Aromatic Amines 
The final concentration of the amines was 10™? m. 


Per cent activation 
Substance 

Shellfish Fish Bacteria 

o-Aminobenzoic acid. ...................... 1400 110 170 
p-Acetoaminobenzoic acid ..... 0 0 0 
m-Nitrobenzoic acid................... aie 0 0 0 
o-Nitroaniline...... 190 12 0 
p-Nitroaniline.............. 510 21 10 
m-Aminohippurie acid.................... 1100 37 40 
o-Aminophenol HC]................ 1500 47 SO 
-Aminoacetophenone.................... 300 48 0 
Homosulfanilamide*................... ‘ieee 45 5 500 
0 0 0 


three enzymes. The activation by aminobenzoic acids decreased in the 
order o-, m-, and p-. For activation the amino group must be directly 
attached to the benzene ring; if this amino group is substituted or if the 
substance contains an amino group only on the side chain, there is no 
activation. An amino group attached to the naphthalene ring (a-naph- 
thylamine) also has a marked effect. Sulfanilamide activates in the case 
of the shell-fish and fish enzymes, but no effect was observed with the 
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bacterial enzyme. Homosulfanilamide had marked activity with the bac- 
terial enzyme, but little with the shell-fish and the fish enzymes. Sulfa- 
pyridine and sulfadiazine activated only in the case of the bacterial en- 


Tasie III 
Effect of Heterocyclic Compounds 
The final concentration of the amines was 10™- m. 
Py, pyridine; Pm, pyrimidine. 


Per cent activation 
Substance 

Shell-fish Fish Bacteria 
1000 35 490 
—3 0 0 
2-Amino-5-nitro-Py............ 0 0 0 
2-Amino-Py-5-sulfonie acid................. 0 0 | 0 
—30 —S0 
2-Methyl-4-amino-Pm...................... | —43 0 7 
—S6 380 
._.... — 30 450 
2-Methyl-4-amino-5-formaminomethyl-Pm. —18 500 
| —35 600 
2-Methyl-4-hydroxy-Pm.................... | 21 21 350 
2-Methyl-4-hydroxy-5-hydroxymethyl-Pm . 10 12 250 
2-Methyl-4- | 32 37 620 


zyme. Phenylhydrazine had marked activating effect with shell-fish and 
fish enzyme, but it inhibited activation in the case of the bacterial enzyme. 


Effect of Heterocyclic Compounds 


As shown in Table III, activation by pyridine and quinoline, with no 
amino group, was very marked with bacterial enzyme but not so marked 


with shell-fish and fish enzymes. Aminopyridines were very effective with 
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shell-fish enzyme and quite effective with bacterial enzyme, but had little 
effect with fish enzyme. Nicotinic acid and nicotinamide were very active 
with bacterial enzyme, but had no effect with shell-fish and fish enzyme. 
Imidazole was much more active with shell-fish than with the other two 
enzymes. Thiazole with an amino group markedly activated with shell- 
fish enzyme but the thiazole moiety of thiamine inhibited with all three 
enzymes. Most pyrimidine derivatives had a marked activating effect with 
the bacterial enzyme; with the other two enzymes 4-amino derivatives in- 
hibited, while 4-hydroxy derivatives caused moderate activation. 


Effect of Aliphatic Amines 
Neither of the following compounds (final concentration, 10-* m) had 
any effect with any of the three enzymes: methylamine, glycine, glycine 
IV 
Effect of Sulfhydryl Compounds and Their Derivatives 
The final concentration of the substances was 10-* m. 


Per cent activation 
Substance 
Shell-fish | Fish | Bacteria 
50 16 380 
+-Aceto-y-mercaptopropy] acetate.......... 30 1200 
y-Aceto-y-chloropropyl acetate............. 0 | 0 —7 
a-Aceto-y-mercaptopropyl alcohol. ......... 1200 
Sodium thiosulfate......................04. 35 | 8 7 


betaine, a-alanine, 8-alanine, L-asparagine, aspartic acid, octopine, §-di- 
ethylaminoethy! alcohol, aminoguanidine carbonate, and taurine. 


Effect of Sulfhydryl Compounds 

As shown in Table IV, the effect of sulfhydryl compounds is in general 
most pronounced with the bacterial enzyme, less so with that from shell- 
fish, and least with fish enzyme. ‘y-Aceto-y-mercaptopropy! alcohol and 
its acetic acid ester were the most active compounds among the ones in- 
vestigated in this group. This is of interest because, according to Mat- 
sukawa and Yurugi (20), the latter compound is converted to thiamine 
in formic acid solution in the presence of 2-methyl-4-amino-5-formamino- 
methylpyrimidine. y-Aceto-y-chloropropy! acetate had no activity. 


SUMMARY 


1. The effect of a number of substances on the breakdown of thiamine 
catalyzed by shell-fish, fish, and bacterial thiaminase was investigated. 
2. With all three enzymes the breakdown of thiamine is markedly ac- 
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tivated by aromatic amines. For each enzyme aniline was the most effec- 
tive of the compounds tested. 

3. Compounds with an amino group not directly attached to the ben- 
zene ring had no effect. Compounds with a substituted amino group and 
several aliphatic amines also had no effect. 

4. Among heterocyclic amines, pyridine and quinoline have produced 
marked activation, especially with bacterial enzyme. 

5. Many 4-aminopyrimidines were inhibitory with shell-fish and fish 
enzymes, but produced marked activation with bacterial enzyme. 

6. Sulfhydryl compounds activated with all three enzymes, but the 
effect was more pronounced with the bacterial enzyme. 
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STUDIES ON THIAMINASE 
II. THE BASE EXCHANGE REACTION OF THIAMINE* 
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HASEGAWA 
(From the Biochemical Institute, Kyoto Prefectural University of Medicine, Kyoto, 
Japan) 


(Received for publication, September 13, 1951) 


It was reported in Paper I (1) that the cleavage of thiamine by thiami- 
nase is markedly activated by a number of aromatic and heterocyclic 
amines. With pyridine as activating amine we often had difficulty in 
the fluorometric determination of thiamine because of the appearance of 
a greenish yellow fluorescence. The nature of the fluorescent substance 
was investigated and it was found to be 1-[(2-methyl-4-amino)-5-pyrimi- 
dyl-methy]l)-pyridinium, a compound in which the pyrimidine was linked 
to pyridine instead of to the thiazole moiety of thiamine. This substance, 
with no side chain in the pyridine moiety, is different from the neopyri- 
thiamine of Sealock and White (2), 1-[(2-methyl-4-amino)-5-pyrimidy]- 
methy]]-2-methyl-3-8-hydroxyethylpyridinium, and is referred to here as 
“heteropyrithiamine” (HPT). The greenish yellow fluorescence is due 
to the product obtained by oxidation with alkaline ferricyanide, which 
corresponds to the thiochrome produced from thiamine by the same treat- 
ment. The new fluorescent substance has been named “pyrichrome.” 
Similar results were obtained with quinoline. These findings, together 
with those of Sealock and Davis with m-nitroaniline (3), throw consider- 
able light on the mechanism of action of thiaminase. 


Formation of Heteropyrithiamine from Thiamine and Pyridine by 
Thiaminase 
The extract of clams (1:100) was prepared as previously described (1). 
1.0 ml. of extract, 2 y of thiamine, and citrate buffer, pH 5.5, final con- 
centration 0.02 m, were used; the final volume was 10 ml. After incuba- 
tion at 50° for 1 hour thiamine was determined and the butanol extract 
was examined for greenish yellow fluorescence. Table I shows that, in 
the presence of thiamine, pyridine, and thiaminase, the greenish yellow 
fluorescence was very intense, but in the presence of the pyrimidine moiety 


* The results presented in this paper were preliminarily reported on January 18, 
1950, at the Thirty-sixth meeting of the Research Committee on Vitamin B and on 
April 29, 1950, at the Twenty-second annual meeting of the Japanese Biochemical 
Society. 
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of thiamine, pyridine, and enzyme the fluorescence did not appear. With 
heat-inactivated enzyme the fluorescence was very weak. No fluores- 
cence appeared in the absence of thiamine. 

The above findings can be explained by assuming that, in the presence 
of thiaminase, the thiazole moiety of thiamine is replaced by pyridine. 
Since the fluorescence does not appear in the presence of the pyrimidine 
moiety of thiamine, pyridine, and enzyme, it is clear that HPT cannot 
be produced through a reaction between pyrimidine and pyridine following 
the cleavage of thiamine into pyrimidine and thiazole, but must be formed 
through a base exchange reaction between the thiazole moiety of thiamine 


TaBie I 


Formation of Heteropyrithiamine 
Extract of clams (1:100), 1.0 ml. Thiamine, 2 7; pH 5.5; temperature 50°; in- 
cubation 1 hour; final concentration of test substances, 10-° m. Pyrimidine = 2- 
methyl-4-amino-5-hydroxymethylpyrimidine; thiazole = 4-methyl-5-3-hydroxyeth- 
ylthiazole. 


Components of reaction mixture 


of fluorescence 


+ 


| 
| 


t+ 


ae Enzyme inactivated by heating at 100° for 20 minutes. 


and pyridine. That no fluorescence is produced when the pyrimidine 
moiety of thiamine is present along with thiaminase, thiamine, and py- 
ridine may be the result of competition between thiamine and pyrimidine 
for the enzyme. When the thiazole moiety is present together with thi- 
aminase, thiamine, and pyridine, the fluorescence is very weak. This is 
due, at least in part, to the occurrence of the reverse reaction (4). Similar 
results were obtained with the bacterial enzyme (1 ml. of 1:20 broth cul- 
ture) and the fish enzyme (1 ml. of viscera extract, 1:10). A similar 
fluorescence is produced when quinoline is used instead of pyridine. In 
this case it is assumed that “quinothiamine” is formed, and that it is con- 
verted to ‘“quinochrome” by oxidation with alkaline ferricyanide. 

Bacteria and shell-fish which do not contain or produce thiaminase, such 
as staphylococci and Escherichia coli and the oyster, do not form HPT on 
addition of pyridine under the conditions described above. 


Enzyme Thiamine Pyrimidine Thiazole Pyridine 
| 
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Chemical Synthesis of Heteropyrithiamine and Pyrichrome 

Synthesis of HPT (2-Methyl-4-amino-5-pyrimidylmethylpyridinium Bro- 
mide Hydrobromide (I1))—1132 mg. of 2-methyl-4-amino-5-bromomethyl- 
pyrimidine hydrobromide (1) and 632 mg. of pyridine in 2 ml. of butanol 
were mixed and kept at 120° for 30 minutes. After cooling, ether was 
added, and the precipitate was collected by filtration with suction and 
washed with ether. 1.3 gm. of compound II were obtained. The melting 
point (with decomposition) was 240-250°. After dissolving in methanol 
and precipitating with ether three times, 0.7 gm. of white crystals, melting 
(with decomposition) at 248-253°, was obtained. 


H,C—C C—CH;-Br H,C—C C—CH.—N. S 
N—CH N—CH Br 


Ny /\ 
N 
(111) 


Synthesis of Pyrichrome (2-Methylpyrichromine (I1I))—700 mg. of com- 
pound II were dissolved in 5 ml. of water. To this solution 4 ml. of 35 
per cent potassium ferricyanide and 6 ml. of 30 per cent NaOH were 
added. After vigorous stirring, the mixture was allowed to stand at 12° 
for 40 minutes. The solution became turbid at once and a crystalline 
precipitate was gradually formed. After filtration with suction, the crys- 
tals were washed with 1.5 ml. of water. After drying, chloroform-insol- 
uble substances were removed. 315 mg. of compound III were obtained, 
melting (with decomposition) at 190-200°. After four recrystallizations 
from water 115 mg. of yellow needles were obtained. On heating in a 
drying pistol (acetone, 1 hour; benzene, 1.5 hours; toluene, 3 hours) the 
water of crystallization was removed. 


CuHywN,-H.O. Calculated, C 61.20, H 5.58; found, C 61.45, H 5.63 
Isolation of Pyrichrome from Heteropyrithiamine formed by Thiaminase 
Action 


50 gm. of viscera of twenty-three clams were extracted (1) and the ex- 
tract (1:4) was adjusted to pH 4.5. After centrifugation, 198 ml. of light 
yellowish supernatant were obtained, to which 22 ml. of citrate buffer, 
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pH 5.5, 85 mg. of thiamine hydrochloride, and 500 mg. of pyridine (chem- 
ically pure) were added. The mixture was adjusted to pH 5.5 and in- 
cubated at 50-53° for 6 hours. 55 ml. of 10 per cent metaphosphoric acid 
were then added and, after centrifugation, the supernatant was adjusted 
to pH 4.5 and passed through a column of activated Permutit (dry weight 
100 gm.). This required about 4 hours. The column was then washed 
with 250 ml. of boiling water and eluted with 120 ml. of boiling 25 per cent 
KCl in 0.1 n HCl. To 156 ml. of the eluate, 30 ml. of 30 per cent NaOH 
and 500 mg. of ferricyanide were added. The mixture was shaken vig- 
orously for 5 minutes at room temperature and then extracted with 240 
ml. of butanol. The butanol layer was light bluish green and fluoresced 
greenish yellow. The butanol layer was washed with 20 ml. of water and 
was dehydrated overnight with sodium sulfate. After filtration the resi- 
due was washed with dried butanol; the filtrate and wash fluid were com- 
bined and the butanol distilled at the temperature of the water bath, 
below 60°; a yellow residue was obtained. After drying in a desiccator, 
it was extracted with chloroform and, after removal of the insoluble ma- 
terial, the pyrichrome was recrystallized from water. Long yellow needles 
were obtained. After washing with water, the crystals were collected by 
filtration with suction and dried. About 22 mg. were obtained. The 
pyrichrome was dissolved in methanol and to the solution a saturated 
solution of picric acid in ethyl alcohol was added. The picrate precipitate 
was washed with ether and recrystallized from methanol. Crystals of 
melting point (micro) 197.5-199° (with decomposition) were obtained. 
About equal amounts of these crystals and of synthetic pyrichrome pic- 
rate were dissolved in methanol and recrystallized. The melting point 
(micro) was 197.5-199° (with decomposition); there was, thus, no depres- 
sion. The eutectic point with acetanilide (m.p. 114°) and the synthetic 
product was 94-96°; that of acetanilide and the product from enzymati- 
cally formed HPT was 94.5°. The pyrichrome picrate was further iden- 
tified by paper chromatography. The spots were detected by fluorescence. 
The results were as follows: 

By the descending method, paper No. 2 of the Toyo Filter Paper Com- 
pany, with butanol + 0.5 per cent ammonia as the developing solvent, the 
R, of the synthetic pyrichrome was 0.35; of the enzymatic product, 0.36; 
of the synthetic + enzymatic product, 0.35; of thiochrome, 0.44. With 
butanol + acetic acid + water (4:1:5) as the developing solvent, the 
R, of the synthetic pyrichrome was 0.51; of the enzymatic product, 0.52; 
of the synthetic + enzymatic, 0.51; of thiochrome, 0.32. 

These experiments clearly demonstrate that the substance formed by 
the action of thiaminase on a mixture of thiamine and pyridine is oxidized 
to pyrichrome by ferricyanide. This shows that heteropyrithiamine is 
the substance formed. 
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Isolation of Thiazole Liberated by Thiaminase Action 


From the above experiments it is apparent that the thiazole moiety of 
thiamine is replaced by pyridine by the action of thiaminase. If so, 
4-methyl-5-8-hydroxyethylthiazole must be formed (cf. (5)). We tried to 
isolate this compound by a procedure similar to that of Fujita and Hase- 
gawa (6). 

The Permutit effluent and wash water from the above experiment were 
concentrated under reduced pressure at 40-45° (addition of octyl alco- 
hol); a whitish brown paste was obtained which, on addition of alcohol, 
was dissolved by warming. After standing, white crystals were formed. 
After centrifugation the supernatant was transferred to a test-tube. The 
residue was washed twice with alcohol and the washings were combined 
with the main solution. The combined solutions were concentrated under 
reduced pressure to a syrup. This was dissolved in water by warming to 
55°. The solution was adjusted to pH 10 with baryta (indicator, thymol 
blue); an abundant white precipitate was formed. After centrifugation 
and filtration the filtrate was continuously extracted with ether for 24 
hours. The ether solution was filtered and evaporated. The residue was 
dissolved by warming in alcohol and filtered through asbestos (Emich’s 
capillary method). A clear yellowish brown solution was obtained. On 
addition of saturated picric acid in alcohol, a large amount of crystals 
separated at once. They were washed with alcohol, dissolved in hot 
alcohol, and the solution was allowed to cool overnight. Long yellow 
rhomboid crystals separated out. The melting point (micro) was 110- 
127°. After ultramicro recrystallization from alcohol (7) the melting 
point (micro) was 163-165°. There was no depression of the melting 
point with the synthetic product (m.p. 164.5°). 4-Methyl-5-8-hydroxy- 
ethylthiazole was therefore produced by the action of thiaminase on a 
mixture of thiamine and pyridine. 


DISCUSSION 


The experiments reported in this paper clearly show that the thiazole 
moiety of thiamine is replaced by pyridine through the action of thiam- 
inase. Consequently, the activation of thiamine breakdown by pyridine 
is considered to be the result of a base exchange reaction with pyridine. 
It follows that the activation of thiamine cleavage by aromatic and hetero- 
cyclic amines other than pyridine may also be the result of a base 
exchange reaction. Sealock and Davis (3) isolated N-(2-methyl-4-amino- 
pyrimidy]-5-methy])-m-nitroaniline after incubating the extract of acetone- 
dried powder of carp viscera with thiamine and #-nitroaniline and 
proposed as a general mechanism a base exchange reaction such as is for- 
mulated here, although they also considered the possibility of a trans- 
methylation of the substituted methyl group. In the case of pyridine a 
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fluorescing substance is formed by oxidation, and its formation can there- 
fore be visibly detected. The decomposition of thiamine by thiaminase 
in the absence of added pyridine is probably not a simple hydrolysis but 
a base exchange reaction of the thiazole moiety with amines present in 
the enzyme preparation (8). The resolution of thiaminase into apo- and 
coenzyme (9) can be explained if the “‘apoenzyme”’ is thiaminase itself 
and the ‘‘coenzyme”’ is a cosubstrate; 7.e., an amine present in the crude 
enzyme solution (8). This is in accordance with earlier work in this 
laboratory (6) in which, after the action of crude thiaminase on thiamine, 
the thiazole moiety was isolated in a yield of about 75 per cent of theory, 
but little of the pyrimidine moiety was obtained. The finding of Kram- 
pitz and Woolley (5), who first isolated the thiazole moiety after thiaminase 
action, that a pyrimidine compound is formed by the action of carp viscera 
extract upon thiamine, while pyrimidinemethanol is formed by the action 
of whole tissues, was interpreted by the authors as indicating that the 
cleavage of thiamine is not a direct hydrolysis into pyrimidinemethanol 
and thiazole but that a pyrimidy] derivative is primarily formed and from 
the latter the pyrimidinemethanol is produced secondarily. However, the 
nature of the pyrimidyl derivative was not clarified. From our findings 
it follows that the primary product is a compound of the pyrimidine 
moiety with an amine. This is the case not only with thiaminase of 
shell-fish but also with fish and bacterial thiaminase. It must therefore 
be considered that thiaminase generally catalyzes a base exchange reac- 
tion of thiamine. 


SUMMARY 


1. In the presence of thiamine and pyridine, thiaminase catalyzes a 
base exchange reaction forming “heteropyrithiamine”’ and thiazole. The 
reaction products were isolated and identified. _Heteropyrithiamine is con- 
verted by alkaline oxidation to “‘pyrichrome,” which has a greenish yellow 
fluorescence. Since no reaction occurs if pyrimidinemethanol is used in- 
stead of thiamine, it follows that pyridine does not combine with the 
pyrimidine moiety following the cleavage of thiamine to pyrimidine and 
thiazole. 

2. The marked activation by pyridine of the enzymatic cleavage of 
thiamine is due to the exchange of thiazole for pyridine. The activation 
by various aromatic amines is possibly the result of a similar exchange 
reaction. 

3. If quinoline is used instead of pyridine, a similar reaction occurs and 
a fluorescent compound is formed after alkaline oxidation of the reac- 
tion mixture. It is, therefore, considered that the corresponding ‘‘quino- 
chrome” is produced by alkaline oxidation of “quinothiamine.” 


® 
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4. The reactions with pyridine and quinoline are obtained with shell- 
fish, fish, and bacterial thiaminase preparations. 

5. The base exchange reaction is considered to be the reaction generally 
and specifically catalyzed by thiaminase. The breakdown of thiamine by 
crude thiaminase preparations without addition of amines is possibly a 
base exchange reaction with natural amines present in the enzyme extracts. 


BIBLIOGRAPHY 


. Fujita, A., Nose, Y., Kozuka, S., Tashiro, T., Ueda, K., and Sakamoto, S., J. 
Biol. Chem., 196, 289 (1952). 

. Sealock, R. R., and White, H. 8., J. Biol. Chem., 181, 393 (1949). 

. Sealock, R. R., and Davis, N. C., J. Biol. Chem.. “7, 987 (1949). 

. Fujita, A., Nose, Y., Uyeo, 8., and Koizumi, J., /. . 0’ Chem., 196, 313 (1952). 

Krampitz, L. O., and Woolley, D. W., J. Biol. Chen.., 162, 9 (1944). 

Fujita, A., and Hasegawa, E., Seikagaku, 22, 202 (1950). 

Hasegawa, E., Seikagaku, 22, 85 (1950). 

. Fujita, A., and Tashiro, T., J. Biol. Chem., 196, 305 (1952). 

. Fujita, A., and Numata, I., Seikagaku, 18, 325 (1944). 


se 

ut 

In 

id 

If 

le 

is 

e, i 

l- 

a 

n 

> 


STUDIES ON THIAMINASE 
III. NATURE OF “COTHIAMINASE’’* 


By AKIJI FUJITA ann TOSHIO TASHIRO 


(From the Biochemical Institute, Kyoto Prefectural University of Medicine, Kyoto, | 
Japan) 


(Received for publication, September 29, 1951) 


In 1943 Fujita and Numata (1) reported that thiaminase consists of 
apo- and coenzyme and separated the two components of the shell-fish 
enzyme by adsorption on acid clay, franconite, or infusorial earth. Kram- 
pitz and Woolley (2) observed that the acetone preparation of carp viscera 
can be separated into two components by dialysis. Kaminishi (3) sepa- 
rated both components by combining acetone treatment and dialysis. The 
finding that thiaminase catalyzes a base exchange reaction of thiamine (4) 
has led to the view that the “apoenzyme” is in reality thiaminase itself. 
and the “coenzyme” is a cosubstrate; namely, a replaceable amine. This 
view was essentially confirmed by the further study of the separation and 
properties of the two components reported in this paper. 


EXPERIMENTAL 
Separation of “A poenzyme’’ and “Coenzyme” 

Shell-Fish Thiaminase—The viscera of clams are ground and a 1:4 to 
1:20 aqueous extract is prepared, the pH being adjusted to 4.5 to 5.6. 
After centrifugation the clear supernatant is transferred to a beaker, ad- | 
justed to pH 6, and cooled to below 5°. To this solution are added 4 
volumes of acetone at 5° or less with gentle mixing. After standing a short 
time, the flocculent precipitate is separated by centrifugation. The ace- 
tone in the supernatant is removed by partial evacuation at 60°. The 
solution is made up with water to its original volume. After filtration a 
clear solution is obtained which can be used as “‘coenzyme.” The pre- 
cipitate is dissolved in the original volume of water. The turbid solution 
is centrifuged, and the supernatant is transferred to another beaker. The 
acetone treatment is repeated two to four times. The last residue is dis- 
solved in water and centrifuged, and the supernatant is used as “‘apoen- 
zyme.”” The enzymatic activity of clams varies with the season. Gen- 
erally the extracts are more active in winter than in summer. In our 

* The results reported in this paper were presented before the Biochemical Sec- 


tion of the Thirteenth annual meeting of the Japanese Medical Association (Apri 
3, 1951). 
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experience the best concentration of extract was 1:15 in winter and 1:4 in 
summer. 1 ml. of extract of the proper concentration was able to decom- 
pose 3 + of thiamine at pH 5.5 and 50° in 1 hour. Acetone precipitation 
occurs more readily at temperatures below than above 5° and also at pH 
6 than at any other pH. 

Bacterial Thiaminase—A 3 day broth culture of Bacillus thiaminolyticus 
(5) is centrifuged and the supernatant is diluted 2-fold, the pH being ad- 
justed to 6. To 20 ml. of the diluted solution, cooled to below 5°, are 
added 80 ml. of cold acetone. Further treatment is the same as for the 
shell-fish enzyme. Four acetone treatments were usually necessary to 
obtain “apoenzyme” free of “coenzyme.”” The removal of “‘coenzyme”’ 
from the “apoenzyme”’ on successive acetone treatments is shown in Table 


TaBLe 
Purification of Thiaminase ‘‘Apoenzyme”’ by Acetone Treatment 
Enzyme assay, “‘apoenzyme”’ solution 1 ml.; final concentration of citrate buffer, 
pH 5.5 (shell-fish) or 5 (bacteria), 2 X 10-* m; thiamine 1 7; total volume, 10 ml.; 
incubation for 1 hour; temperature 50° (shell-fish) or 35° (bacteria). 


Thiamine decomposition 
Acetone treatment 

Shell-fish Bacteria 

per cent per cent 
l S83 43 
2 25 12 
3 8 3 
‘ | 0 | 


I. The assay conditions described in Table I have been used throughout. 
As shown in Table II, the purified “apo-” or “coenzyme” has no activity 
alone, but activity is restored on combination of the two components. 


Stability of Purified “‘A poenzyme”’ 

The “apoenzyme,” prepared as described above is rather unstable, even 
if stored in the refrigerator. This is especially the case with bacterial 
thiaminase. As shown in Table III, the activity of the shell-fish ‘‘apo- 
enzyme” decreased to about 50 per cent in 24 hours, whereas that of 
bacterial “apoenzyme” decreased to about 20 per cent in 18 hours. Thus, 
the bacterial ‘“‘apoenzyme” is more labile than the shell-fish ‘“apoenzyme.” 
Because of the lability of the “apoenzyme”’ repeated precipitation with 
cold acetone was more satisfactory than dialysis for separation from the 
“coenzyme.” The “apoenzyme” kept somewhat better in saturated am- 
monium sulfate at 3° than in aqueous solution. For example, in am- 
monium sulfate 69 per cent of the activity remained after 48 hours, but 
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in only 37 per cent remained after storing in aqueous solution for the same 
time. 
II 
H Activity of “‘Apo-”’ and “‘Coenzyme”’ 
‘‘Apoenzyme”’ solution, 1 ml.; “‘coenzyme’’ solution, amount corresponding to I 
ml. of “‘apoenzyme.” 
- | Thiamine decomposition 
e Enzyme solution 
Shell-fish Bacteria 
O per cent per cent 
‘‘Apoenzyme”’ + “‘coenzyme”’............... 92 47 
TaBLe III 
Stability of Shell-Fish ‘‘Apoenzyme”’ 
; ‘‘Coenzyme”’ solution corresponding to the ‘“‘apoenzyme”’ was added for assay. 
Time of storage at 5° | Thiamine decomposition 
: days per cent 
0 70 
1 35 
2 18 
3 8 
TaBLe IV 


Interchangeability of Shell-Fish and Bacterial ‘‘Coenzyme”’ 
Ap, “apoenzyme”’ of shell-fish thiaminase; Co, “‘coenzyme’’ of shell-fish thiami- 
nase; Ap’, “‘apoenzyme’”’ of bacterial thiaminase; Co’, ‘‘coenzyme”’ of bacterial thi- 


aminase. 
Enzyme solution | Thiamine decomposition 


Interchangeability of Shell-Fish and Bacterial “‘Coenzyme’”’ 


The interchangeability of the two “coenzymes” was examined. As 
shown in Table IV, both are completely interchangeable with each “apo- 


enzyme 


Substitution of Bases or Thiols for ‘“‘Coenzyme”’ 


Some of the amines and sulfhydryl compounds which are known to 
activate the enzymatic cleavage of thiamine (5) were tested for their 
ability to replace the “‘coenzyme.” Table V shows that all compounds 
which activate the breakdown of thiamine by a given enzyme preparation 
can replace the ‘“‘coenzyme.” The effectiveness of each amine and thiol 
in replacing the “coenzyme” roughly parallels the degree of activation of 
thiamine cleavage by these substances (cf. (5)). 


TaBLe V 
Substitution of Amines or Sulfhydryl Compounds for ‘‘Coenzyme”’ 


Final concentration of test substances, 10-? m; “‘apoenzyme’”’ solution, 1 ml. 
HPT, heteropyrithiamine (4). 


Thiamine decomposition 
Substances added to apoenzyme 

Shell-fish Bacteria 

per cent per cent 
o-Aminobenzoic acid........................ 88 77 

2-Methyl-4-amino-5-hydroxymethylpyrimi- 

y-Aceto-y mereaptoprops! acetate........... 43 83 
aleohol........... 23 | 67 

Deamination of “Coenzyme” 


The above findings suggest that the so called coenzyme is in reality an 
exchangeable amine contained in the enzyme preparation. For this rea- 
son the effect of deamination was investigated. 

The deamination method was largely based on Matsukawa’s improved 
method (6) of amino nitrogen determination according to Van Slyke, in 
which the amino group is liberated as nitrogen gas by means of nitrous 
acid. The procedure was as follows: 

To 3 ml. of “coenzyme” solution were added 1 ml. of 16 per cent acetic 
acid and 1 ml. of 20 per cent sodium nitrite with vigorous stirring. After 
keeping for 5 minutes at either 50° or 100° the mixture was almost com- 
pletely neutralized with 1 N NaOH and then exactly neutralized with 0.1 
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n NaOH. Quantitative determination of amino nitrogen before and after 
treatment with nitrous acid was performed according to the formol titra- 
tion method of Sérensen, as follows (7): 

After 1 volume of absolute alcohol was added, the solution was titrated 
with 0.1 n NaOH to a distinct red, with phenolphthalein as an indicator. 
The color was then discharged by addition of 1 ml. of neutralized formalin, 
and the solution was titrated with 0.1 N NaOH to a distinct red. The 
titration values in ml. multiplied by 1.4 give the amount of amino nitrogen 
in mg. 

The “coenzyme” solution from clam extract (1:4) contained 0.224 to 
0.294 and that of bacterial coenzyme 0.630 mg. of NH:-N per ml. initially. 
No amino nitrogen remained after nitrous acid treatment of the clam 


VI 
Action of Deaminated ‘‘Coenzyme”’ 
““Apoenzyme”’ (Ap) and “‘coenzyme”’ (Co) from clam viscera extract (1:4) or 
from a 3 day broth culture of B. thiaminolyticus diluted 2-fold. 


| Thiamine decomposition 
Enzyme 

Shell-fish Bacteria 

per cent per cent 


* Deaminated ‘‘coenzyme.”’ 


“coenzyme” whether at 50° or 100° for 5 minutes. The activity of this 
solution when added to apoenzyme is given in Table VI. After deamina- 
tion at 50° there remained about 20 per cent of the activity, but it com- 
pletely disappeared after treatment at 100°. In the case of the bacterial 
thiaminase there remained similarly about 15 per cent of the activity after 
treatment at 50°, but none after treatment at 100°. The amino nitrogen 
determination of the bacterial “coenzyme” showed initially 0.616 mg. of 
NH:-N perml. After nitrous acid treatment at 50°, 0.294 and, after treat- 
ment at 100°, 0.126 mg. of NH:-N per ml. were found. Amino nitrogen 
determination of 2.4 mg. per ml. of ammonium sulfate gave 0.615 mg. of 
NH:-N per ml.; after treatment with nitrous acid at 50° for 5 minutes 
again, 0.615 mg. (100 per cent remaining); and after treatment at 100° for 
5 minutes, 0.916 mg. (32 per cent remaining). Possibly the apparent 
amino nitrogen found after treatment at 100° for 5 minutes of the bacterial 
“coenzyme” is derived from ammonium salts in the broth culture. For 
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thiamine determination on solutions after nitrous acid treatment adsorp- 
tion on Permutit is imperative, for the nitrite may inhibit the oxidation of 
thiamine by ferricyanide. 


Effect of Nitrous Acid on Activity of Various Bases and Thiols 


In the above experiments it was observed that the “coenzyme” treated 
with nitrous acid at 50° for 5 minutes retained about 20 per cent of its 
activity in; spite of the disappearance of the amino nitrogen. It was 
considered of interest to investigate the effect of treatment with nitrous 


VII 
Effect of Nitrous Acid on Activity of Amines and Thiols 
The figures in parentheses indicate the temperature at which nitrite treatment 
was carried out. HPT = heteropyrithiamine (4); QT = quinothiamine (4); dea = 
deaminated. Final concentration of test substances, 10-* m. 


Thiamine decomposition 
Substances added to apoenzyme 
Shell-fish | Bacteria 
per cent | per cent 
Dea-aniline (50°). 0 0 
Dea-pyridine (50°).................... 25 17 
87 (QT) 88 (QT) 
Dea-quinoline (50°)................... 0 3 
Dea-imidazole (50°)... ............... 87 60 
Dea-cysteine (50°).................... 29 55 


acid on the activity of bases without amino groups, as well as on the 
activity of thiols. Pyridine shows some activity after treatment at 50°, 
but loses the activity completely after treatment at 100° (Table VII). 
Imidazole and cysteine lose no activity after treatment at either 50° or 
100°. This indicates that the activity of cysteine is due to the sulfhydryl] 
and not to the amino group. 


DISCUSSION 


The results presented in this paper support the idea, already expressed 
by Sealock and Davis (8), that the so called coenzyme of thiaminase 
may be an amine present in the crude extracts. This amine would ex- 
change with the thiazole moiety of thiamine under the action of thiaminase 


—- 
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as found for pyridine and quinoline in this laboratory (4) and for m-nitro- 
aniline by Sealock and Davis (8). 

Since most of the activity of the ““coenzyme”’ solutions disappears, along 
with the amino nitrogen, after treatment with nitrous acid and since 
aromatic and not aliphatic amines activate the enzymatic cleavage of 
thiamine (5), the natural “coenzyme” may largely be an aromatic amine. 
The small activity remaining in the ‘“‘coenzyme” solutions after nitrous 
acid treatment at 50° may be due to a pyridine derivative, since pyridine 
behaved toward nitrous acids in the same way that the natural product 
did; t.e., some of its activity remained after treatment at 50°, but all was 
lost after treatment at 100°. 


SUMMARY 


1. A method for separating from each other the so called apo- and co- 
enzyme of shell-fish and bacterial thiaminase, based on repeated precipita- 
tion of the ‘“apoenzyme” with acetone, is described. The “apoenzyme” 
is very unstable, even when stored at a temperature of 5° or lower; this 
is especially the case with the bacterial preparation. 

2. Aromatic and heterocyclic amines and sulfhydryl compounds show 
“coenzyme” activity in the presence of “apoenzyme.” The effect of vari- 
ous amines and thiols shows qualitative variations, depending on whether 
shell-fish or bacterial thiaminase is used. This must be an expression of 
differences between the enzymes from these two sources. 

3. The “coenzymes” from shell-fish and bacterial extracts are mutually 
interchangeable. 

4. Deamination of the “coenzyme” with nitrous acid leads to disap- 
pearance of most of its activity after 5 minutes at 50° and of all the activity 
after 5 minutes at 100°. It is concluded that the natural coenzyme con- 
sists largely of an aromatic primary amine which, in the presence of thi- 
aminase, can exchange with the thiazole moiety of thiamine. Some nat- 
ural pyridine derivative may also contribute to the ‘“coenzyme”’ activity 
of the enzyme extracts. 
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As previously reported (1), thiamine is decomposed by thiaminase 
through exchange of its thiazole moiety with an amine. If this reaction 
is reversible, as are most organic reactions, thiamine should be produced 
from the pyrimidyl base (Pm-CH:-B) and 4-methyl-5-8-hydroxyethylthi- 
azole (Th) by the action of thiaminase. 


Pm-CH;-B + Th + H~ = thiamine + BH 


We incubated mixtures of various pyrimidyl bases and thiazole with 
shell-fish, fish, and bacterial thiaminase and found that thiamine is actually 
produced. Thus, the base exchange reaction catalyzed by thiaminase is 


further proved by these experiments. 


EXPERIMENTAL 

Synthesis of 2-Methyl-4-amino-35-Substituted Aminomethyl pyrimidines 

These compounds can be synthesized by the reaction of amines with 
2-methyl-4-amino-5-bromomethylpyrimidine hydrobromide (1), either by 
direct heating without solvent when the amine is liquid or by using phenol 
as solvent when the base is solid. 

(2-Methyl-4-amino-5-pyrimidyl)-methylpyridinium Bromide Hydrobromide 
(II)\—To 1.41 gm. of compound I were added 1.58 gm. of pyridine, and 
the mixture was heated on a boiling water bath for an hour. After cooling, 
the solidified mixture was broken up and was washed with three 10 ml. 
portions of ether. The white precipitate (1.85 gm.) was dissolved in a 
small amount of hot water and filtered. On adding 10 volumes of ab- 
solute alcohol, 0.5 gm. of colorless leaflets was obtained; m.p. 257° (de- 
composition).' Found, on air-dried material, C 35.43, H 4.26, Br 43.18 
per cent; calculated for C1u.HyN,-Br2-}H,O, C 35.59, H 4.04, Br 43.15. 
Found, on material dried at 100° in vacuo for 3 hours, m.p. 261° (decom- 

* The results reported in this paper were presented at the Fortieth meeting of 


the Vitamin B Research Committee, July 15, 1950. 
1 All melting points reported in this paper are uncorrected. 
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position), C 36.40, H 4.07 per cent; calculated for Ci;HyN «Bre, C 36.48, 
H 3.86. 

(2-Methyl-4-amino-5-pyrimidyl)-methylquinolinium Bromide Hydrobro- 
mide (ITT)—2.58 gm. of quinoline were treated with 1.41 gm. of compound 
I as described above, yielding 2 gm. of the products. This was recrystal- 


NH;-HBr 


(III) 
lized by adding 8 volumes of absolute alcohol to its aqueous solution, giv- 
ing 0.6 gm. of light yellow needles, m.p. 263° (decomposition). 
CisHieN.Bre. Calculated. C 43.71, H 3.89, Br 38.83 
Found. ** 43.50, “* 4.28, “ 38.99 


(2-Methyl-4-amino-5-pyrimidyl)-methylaniline Dihydrobromide (IV)—A 
mixture of 1.41 gm. of compound I and 1.39 gm. of aniline was heated on a 
boiling water bath for half an hour. After cooling, the reaction mixture 
was dissolved in water, made alkaline with 5 per cent aqueous sodium 


CH; NH, -HBr 


+ WHO 


hydroxide, and extracted with ether. From the ether extract crystals 
began to separate within a few minutes. After standing, the precipitate 
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was collected by filtration and recrystallized from 20 per cent aqueous 
alcohol to give 0.5 gm. of free base as needles, m.p. 168-170°. 


CyuHyN,. Calculated, N 26.14; found, N 25.62 


The hydrobromide was prepared by adding hydrobromic acid to an 
alcoholic solution of the amine. Recrystallization from water gave color- 
less leaflets, m.p. 205-208°. 


(air-dried material) 
Calculated. C 35.73, H 4.71, N 13.89, Br 39.70 
Found. ** 35.43, 4.85, “ 13.75, 39.85 


2-(2-Methyl-4-amino-5-pyrimidyl)-methylaminobenzoic Acid H ydrobromide 
(V')—To a solution of 0.5 gm. of anthranilic acid in 1 gm. of melted phe- 
nol was added 0.7 gm. of compound I, and the mixture was heated on 
a boiling water bath for 45 minutes. After cooling, the reaction mix- 
ture was washed oo with ether and filtered. The product (1.3 


C NH: -HBr 


+ 
HOOC 


gm.) water, containing a small amount 
of hydrobromic acid, to yield white needles, m.p. 243° (decomposition). 
Found, on air-dried material, C 38.74, H 5.51, Br 20.09 per cent; calculated 
for Ci3H,O2N,- HBr-34H,O0, C 38.80, H 5.59, Br. 19.90. Found, on ma- 
terial dried at 100° in vacuo for 3 hours, C 45.67, H 4.61 per cent; calculated 
for CyH,O2N,-HBr, C 46.10, H 4.44. 
4-(2-Methyl-4-amino-5-pyrimidyl)-methylaminobenzoic Acid Hydrobromide 
(VI)—This product was prepared from 0.705 gm. of compound I and 0.41 
gm. of p-aminobenzoic acid in phenol as solvent in a manner similar to 


NH;-HBr 
N 


\ + 2$H:O 


COOH 
(vD 


N 
XUM 
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that for product V; vield 1.3 gm. The salt was recrystallized from dilute 
hydrobromic acid to give white needles, m.p. 248° (decomposition). 


C;;H,,O2N,- HBr (air-dried material) 
Calculated, C 40.6, H 5.2, Br 20.83; found, C 40.85, H 5.33, Br 20.82 


(VII)—A mixture 
of 1.035 gm. of o-nitroaniline in 1 gm. of phenol and 1.41 gm. of compound 
I was heated on a boiling water bath for 50 minutes. After cooling, the 


NH: -HBr 


H + 4H,0 


Il) 


reaction mixture was treated with 5 per cent aqueous sodium hydroxide. 
The precipitated solid was collected by filtration and washed several times 
with ether and then with water; yield 0.57 gm. The free base was re- 
crystallized from alcohol and obtained as orange needles, m.p. 192°. 


Cy2H,,O2N (air-dried material) 
Calculated, C 51.98, H 5.41, N 25.27; found, C 52.08, H 5.55, N 25.25 


The amine was converted into its hydrobromide and recrystallized 
from dilute hydrobromic acid to give reddish yellow crystals, m.p. 225- 
226°. Found, on air-dried material, C 41.36, H 4.08 per cent; calcu- 
lated for CH 02N,;-HBr-4$H,0, C 41.26, H 4.29. Found, on material 
dried at 100° in vacuo for 3 hours, C 42.21, H 4.38 per cent; calculated 
for C 42.35, H 4.11. 

3-Nitro-(2-methyl-4-amino-5-pyrimidyl)-methylaniline (VIII)—1.38 gm. 
of m-nitroaniline in 1 gm. of phenol were allowed to react with 1.41 gm. 
of compound I at 100° for half an hour. The reaction mixture was then 


HBr 


H:—NH 


(VIID) 


made alkaline with an excess of sodium hydroxide, and the precipitated 
base was washed with ether and water; yield 1.1 gm. The product was 
recrystallized from alcohol and obtained as yellow needles, m.p. 221- 
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222°. Sealock and Davis (2) reported for this compound a melting point 
of 227.5-228.5° (corrected). 


Ce Hy 5. Calculated. C 55.60, H 5.00, N 27.02 
Found. 55.45, 4.92, 26.30 


The hydrobromide was crystallized as reddish yellow needles from dilute 
hydrobromic acid, m.p. 200-201°. 


HBr- 4H,0 (air-dried material) 
Calculated, C 41.26, H 4.29; found, C 41.49, H 4.25 


4-Nitro-(2-methyl-4-amino-5-pyrimidyl)-methylaniline (IX)— To 1.38 gm. 
of p-nitroaniline in 1 gm. of melted phenol were added 1.41 gm. of com- 


CH.—/ NH, 
+ 


pound 
utes. The reaction product was extracted exhaustively with ether and 
the residue (0.96 gm.) was recrystallized from dilute hydrobromic acid to 
give yellow needles, m.p. 260-261°. 


C2H,,O2N 5-HBr-}H,0 (air-dried material) 
Calculated, C 41.26, H 4.29, N 20.05; found, C 41.31, H 4.02, N 20.24 


The free base was precipitated as a light yellow crystalline powder 
from aqueous hydrobromide solution after neutralization with sodium hy- 
droxide. The product was washed with water and alcohol and then dried; 
m.p. 292-293° (decomposition). Being very sparingly soluble in the usual 
solvents, this product could not be recrystallized from them. 


Ci2H,,;0:N5. Calculated. C 55.60,H 5.0, N 27.02 
Found. 55.52, 4.51, “* 26.80 


E Lic Synthesis of Thiamine from Pyrimidyl Bases and Thiazol 
The pyrimidy] bases were incubated with thiazole and thiaminase until 
the formation of thiamine ceased. The amounts of thiamine formed are 
shown in Tables I to III. The figures were corrected for blanks obtained 
from mixtures containing enzyme inactivated by heating at 100° for 20 
minutes instead of from the active enzyme. These blanks amounted to 
about 0.5 y for the shell-fish and about 0.3 7 for the bacterial enzyme. 


+ 
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The determination of thiamine was complicated, in the case of com- 
pounds II and III, owing to their greenish yellow fluorescence. This 
Taste I 
Synthesis of Thiamine by Shell-Fish Thiaminase 
Enzyme, clam extract (1:10) 1.0 ml.; final concentration of buffer, citrate (pH 
4.0), 0.05 m; total volume, 10 ml. Concentration of pyrimidine derivatives and 


thiazole, 0.25 X 10-* m each, except for VI, the concentration of which was 10™ m. 
Temperature 50°; time required for equilibrium, 40 hours. 


Synthesized thiamine | 
Pyrimidine derivative 
Aancunt Per cent of theory, X | 
| 
Il 60.0 7200 | 120 
Ill 46.1 5500 | 45 
Iv 10.9 | | 1500 
v 7.7 | 912 | 1400 
VII 0.14 | 7 . 190 
VU 1.76 209 | 580 
IX 0.096 | 11.4 510 
Il 


Synthesis of Thiamine by Fish Thiaminase 
Enzyme, extract of fish liver (1:10) 1.0 ml.; final concentration of buffer, citrate 
(pH 5.5), 0.05 m; total volume, 10 ml. Concentration of pyrimidine derivative and 
thiazole, 0.25 K 10°? m each. Temperature 50°; time required for equilibrium, 40 
hours. 


Synthesized thiamine 
Amount Per cent of theory, X 
| 7 per cent 
II | 3.6 | 430 | 130 
III | 4.8 575 | 120 
IV | 0.26 31.4 120 
V | 0.12 | 14.2 110 
VI 0.06 | 7.2 60 
VII | 0.072 | 8.6 | 12 
VII | 0.192 | 22.8 | 25 
Ix 0.036 | 4.3 | 21 


difficulty could be overcome by means of cyanogen bromide (3, 4) as 
follows: 
To 5 ml. of the Permutit eluate (5) (in case there is much fluorescence 


(os 


Age 


= 
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a preliminary butanol extraction is performed) are added 4.0 ml. of freshly 
prepared cyanogen bromide solution (ice-cold 10 per cent KCN solution 
added dropwise from a burette to an ice-cold saturated aqueous bromine 
solution till the color of bromine just disappears) and mixed well. 4.0 
ml. of 30 per cent NaOH are further added and well mixed. The solution 
is extracted with 8.0 ml. of butanol and an aliquot (0.5 to 2.0 ml.) of the 
butanol layer is made up with butanol to 5.0 ml. and used for the fluoro- 
metric determination of thiamine. Under these conditions compounds IT 
and ITI did not interfere. Compound IV showed a weak fluorescence in 


Taste III 
Synthesis of Thiamine by Bacterial Thiaminase 
Enzyme, 3 day broth culture of B. thiaminolyticus (1:10) 1.0 ml.; final concentra- 
tion of buffer, citrate (pH 4.0), 0.05 mu; total volume, 10 ml. Concentration of py- 
rimidine derivatives and thiazole, 0.25 X 10-* m each except for VI, the concentration 
of which was 10-* m. Temperature 38°; time required for equilibrium, 40 hours. 


| Synthesized thiamine 

| tients Per cent of theory, X 
| per cont 
Il | 307 36 , 800 1100 
461 85,200 1400 
IV 0.16 19 700 
Vv 0.08 9.5 170 
VI | 0.024 | 0.72 10 
VII | 0.096 11.4 0 
VIII 0.032 3.8 70 
Ix | 0.032 3.8 10 


the control, but it did not disturb the reaction. The yellow compounds 
VII, VIII, and IX are adsorbed on and eluted from Permutit, but they 
can be almost completely removed by extraction with butanol. 

The percentage thiamine synthesis in the third column of Tables I to 
III was calculated on the assumption that 100 per cent synthesis would 


tions studied is far toward thiamine breakdown. There seems to exist 
no definite relationship between the amount of thiamine formed and the 
degree of activation by the bases. However, thiamine synthesis was 
highest in case of compounds II and III, especially with bacterial thi- 
aminase, which is activated most markedly by pyridine and quinoline. 
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A number of pyrimidine derivatives, which may be formed by the base 
exchange reaction catalyzed by thiaminase, have been synthesized. Small 
amounts of thiamine were formed from some of these compounds and 
thiazole in the presence of either shell-fish, fish, or bacterial thiaminase. 
The highest yields of thiamine were obtained with heteropyrithiamine 
and quinothiamine when bacterial thiaminase was employed. In this 
connection it may be pointed out that pyridine and quinoline were par- 
ticularly effective in activating the breakdown of thiamine by the bacterial 
enzyme. 
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EDWARD A. DOISY 
(From the Department of Biological Chemistry, St. Louis University School of 
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In work (1) previously published from this laboratory, the isolation and 
partial characterization of five compounds (for convenience, temporarily 
called Pyo Ib, Pyo Ic, Pyo Il, Pyo LI, and Pyo IV) from cultures of 
Pseudomonas aeruginosa were described. Since extracts of P. aeruginosa 
had been used in the past in the treatment of certain bacterial diseases and 
since these extracts presumably contained the antibiotic substances which 
we have isolated in the pure state, it was deemed essential to determine 
the structural characteristics of these compounds. 

Preliminary experiments revealed that the Pyo compounds are very 
stable and unreactive. Derivatives of the O and N atoms were not ob- 
tained and oxidation of the molecule with permanganate or chromic acid 
gave only very small yields of an acidic compound. However, oxidation 
with ozone proceeded more satisfactorily and a number of compounds which 
aided in the determination of constitution were obtained. The data re- 
ported in this paper were obtained by ozonolysis of Pyo III, Pyo Ic, and 
octahydro Pyo Ie (or dodecahydro Pyo ITT).! 


EXPERIMENTAL 


The ozone generator® used in this work was constructed of Pyrex glass 
according to the specifications given by Henne and Perilstein (2). A 
known amount of ozone was collected in a reaction vessel; a weighed sample 
of the material to be ozonized was dissolved in a small volume of chloro- 
form and the solution transferred to the reaction vessel. Routinely, the 


* Presented in part at the meeting of the American Society of Biological Chemists 
in Atlantic City, March, 1948. 

t Present address, Department of Biological Chemistry, State University of New 
York Medical Center at Syracuse University, Syracuse 10, New York. 

! The terminology in this paper conforms to that used in the previous article (1) 
and during the course of this experimental work. In a subsequent paper, it will be 
shown (I. C. Wells) that the Pyo compounds exist in a dimeric form and that the 
molecular weights are actually about one-half of those previously reported. Ac- 
cordingly, octahydro Pyo Ic is really tetrahydro Pyo Ie. 

*The authors are indebted to Dr. E. E. Hays for constructing the ozone 
generator. 
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ozonization reaction was conducted at —5° by placing the reaction vessel 
in the cold room where it was allowed to remain for 1 hour with occasional 
swirling. A 2-fold excess of ozone was used in each reaction with Pyo III, 
since, in preliminary experiments with known compounds, the highest 
vields of reaction products were obtained if the amount of ozone present 
was 3 times that calculated to be necessary. 

After the 1 hour reaction time, the reaction vessel was opened and the 
ozonide decomposed by reduction or by oxidation. To decompose the 
ozonide reductively, 15 ml. of glacial acetic acid and 100 mg. of magnesium 
powder were added to the ozonide solution and the mixture was allowed to 
stand at room temperature until all of the magnesium had dissolved. To 
decompose the ozonide oxidatively, 3 ml. of a 30 per cent hydrogen peroxide 
solution were added to the ozonide solution, which was then allowed to 
stand for 0.5 hour at room temperature. 

Ozonization of Pyo III—Since Pyo III absorbs 2 moles of hydrogen per 
mole if hydrogenated in 95 per cent ethanol in the presence of reduced 
Adams’ platinum oxide catalyst (1), the reaction with this compound was 
carried out on the basis of two double bonds being present in the molecule. 
The solution of Pyo IIT turned a faint, but distinct, yellow color immedi- 
ately on contact with the ozone. The ozonide was not very soluble in the 
chloroform and most of it precipitated out of solution. 

In one experiment in which the ozonide was decomposed by reduction, 
the solution of the reaction products was slowly distilled until the tempera- 
ture of the distilling vapors reached 100°. The distillate was collected in 
an ice-cold receiver containing a few ml. of Brady’s reagent (3). After 
the solvent was evaporated from this slightly cloudy mixture, the residue 
was washed onto a filter by the use of a 2 n hydrochloric acid solution. It 
was then dried and crystallized several times from a minimal volume of 95 
per cent ethanol to which was added a drop of concentrated hydrochloric 
acid. Finally it was crystallized twice from acetone. The product melted* 
above 300° and was light orange in color; such a small amount was obtained 
that it could not be further investigated. 

The material left after the volatile material had been removed was sub- 
jected to steam distillation; the distillate was collected in a cold receiver 
containing Brady’s reagent. After the solvent had been removed from 
this mixture by evaporation, the residue was washed onto a filter with 2 N 
hydrochloric acid and then washed with water. The 2,4-dinitrophenyl- 
hydrazone was crystallized repeatedly from minimal volumes of 95 per 
cent ethanol to which a drop of concentrated hydrochloric acid was added. 
The final product melted at 106-107° and did not depress the melting point 


* The Fisher-Johns apparatus was used in this work. All melting points are un- 
corrected unless otherwise specified. 
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of on authentic sample of the 2,4-dinitrophenylhydrazone of n-octanal 
(m.p. 108°). 


Oy. Calculated. C 54.53, H 6.54, N 18.17 
Found. ** 54.58, “ 6.85, “ 18.04 


In every ozonization of Pyo III in which the ozonide was decomposed 
by reduction, n-octanal was isolated as the 2,4-dinitrophenylhydrazone. 
In two separate experiments in which the yield of this substance was 
checked, it was found that 0.72 and 0.80 moles of n-octanal were produced 
for each mole of Pyo III used (no unchanged Pyo III could be detected). 

The ‘solution left after the steam-volatile material had been removed 
did not react with Brady’s reagent. This residue and the products of the 
decomposition of the ozonide by oxidation were intractable oils. 

Ozonization of Pyo Ic—The ozonization of Pyo Ie was conducted under 
conditions similar to those for Pyo ILI with 6 moles of ozone for each mole 
of compound. In every case, it was noted that the chloroform solution of 
Pyo Ic turned yellow immediately upon coming in contact with the ozone 
and that this yellow solution glowed in the dark; the luminescence de- 
creased as the solution stood and had disappeared by the end of an hour 
at —5°. 

A total of 2.655 gm. of Pyo Ie (m.p. 139°) was ozonized in eighteen 
batches. The reaction mixtures were combined in three batches of 400 
ml., to each of which 25 ml. of glacial acetic acid and 150 mg. of magnesium 
powder were added, and the resulting mixtures were allowed to stand at 
room temperature until all of the magnesium had dissolved. They were 
then combined and the chloroform was distilled by the use of a warm water 
bath. 

Distilled water was added to the residue and the resulting mixture was 
steam-distilled for 1.5 hours, during which time about 800 ml. of distillate 
were collected. The distillate was extracted with ether and the ether 
extracts were combined. To ascertain whether ozonolysis gave carboxylic 
and phenolic compounds, the ether extract was extracted successively with 
the following: 5 per cent sodium bicarbonate, 5 per cent sodium carbonate, 
and 1 N sodium hydroxide. 94 mg. of material were not extracted from 
the ether; 421 mg. of a mobile orange oil were obtained from the combined 
alkaline extracts. 

The neutral equivalent of this steam-distillable, alkali-soluble oil was 
determined to be 175.5 (theoretical value for capric acid, 172.3). Its 
p-phenylphenacy] ester melted at 76-77° and did not depress the melting 
point of an authentic sample of p-phenylphenacy! caprate. 


CxH0;. Calculated, C 78.65, H 8.25; found, C 78.53, H 8.10 
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The amide of this material melted at 97.5-98° and did not depress the 
melting point of an authentic sample of capramide. 


CiyHaNO. Calculated, C 70.12, H 12.36; found, C 69.94, H 12.32 


From these results it was concluded that the steam-volatile acid obtained 
from the ozonization mixture of Pyo Ic was capric acid. The 421 mg. of 
this product obtained represent 0.47 mole per mole of Pyo Ic used. 

The non-steam-volatile residue obtained above was acidified to Congo 
red paper with hydrochloric acid and extracted with ether. The material 
in the combined ether extracts was partitioned into sodium bicarbonate- 
soluble, 962 mg., sodium carbonate-soluble and sodium hydroxide-soluble, 
767 mg., and neutral material, 375 mg. This neutral fraction was com- 
bined with the neutral fraction obtained above from the steam-volatile 
material. Following the acidification of each of the three alkaline extracts 
some of the material was not extracted with ether. After the extraction 
with ether the aqueous solutions were combined and extracted with bu- 
tanol. The butanol extracts were combined, washed with water, and dis- 
tilled under diminished pressure to give the ether-insoluble fraction, 300 
mg. The total recovery of material from the non-steam-volatile fraction 
was 2.404 gm. 

The ultraviolet absorption spectra‘ of the alkali-soluble fractions re- 
vealed that a substance (Product I) was present which exhibited a charac- 
teristic absorption spectrum. Therefore, these fractions were combined 
and the material adsorbed from chloroform solution on a column (40 X 1 
cm.) of chloroform-washed Permutit. The column was washed with chlo- 
roform containing progressively larger amounts of absolute ethanol, and 
those fractions shown spectroscopically to contain Product I were com- 
bined and again chromatographed. The least contaminated fractions from 
this column were combined and crystallized successively from high boil- 
ing petroleum ether, toluene, aqueous ethanol, and carbon tetrachloride to 
give a colorless, crystalline product (needles) which weighed 486 mg. and 
melted at 88.5-89°; the melting point was not changed by recrystallization. 


CizH2sNO;. Calculated. C 70.07, H 8.65, N 4.81 
Found. ** 69.76, 8.53, 4.50 
** 69.74, “* 8.61, “ 4.78 


The ultraviolet absorption spectrum of an analytical sample of this material 
dissolved in ethanol showed maxima at 2520 and at 3040 A and minima at 
2360 and 2750 A; the E}%, values were 475, 161, 304, and 50, respectively. 


‘A Beckman quartz spectrophotometer (model DU) was used in the spectroscopic 
work reported in this paper. 
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The p-phenylphenacyl] ester of Product I was prepared and found to 
melt at 103-104°. 
CuHyNO,. Calculated. C 76.67, H 7.27 


Found. 75.91, 7.32 
** 75.99, 7.41 


The methyl ester of Product I was prepared by treating an ether solution 
of the substance with an ether solution of diazomethane. It melted at 


34.5-35.5°. 
CisH2NO;. Calculated, C 70.78, H 8.91; found, C 70.34, H 9.24 


The neutral equivalent of an impure sample of Product I was determined 
to be 302.5 (theory for C;7H:s;NO; as a monobasic acid, 291). 

Product I was hydrogenated in glacial acetic acid in the presence of 
reduced Adams’ platinum oxide catalyst. 23.2 mg. of the substance ab- 
sorbed 5.972 ml. (standard pressure and temperature) of hydrogen or 2.84 
moles of hydrogen per mole of Product I. The hydrogenated product was 
an oil and attempts to crystallize it were not successful. However, the 
neutral equivalent of the crude material was found to be 346. This result 
indicated that the acidity of Product I was due to the presence of a carboxyl 
group and not a phenolic group. This conclusion was substantiated by 
the fact that Product I did not give a color with ferric chloride in ethanol. 

Product I did not react with Brady’s reagent and its methyl ester did 
not form a methiodide or a picrate. However, the methyl ester was hy- 
drolyzed to give Product I by refluxing for 10 hours with 0.5 n ethanolic 
NaOH. 

129 mg. of Product I were dissolved in 5 ml. of ethanol and 5 ml. of 10 
per cent (by volume) sulfuric acid added. This solution was refluxed on the 
steam bath for 10 hours; the reaction mixture was steam-distilled to give 
100 ml. of distillate. From this distillate 63.1 mg. of material were ex- 
tracted with ether. The solution of the non-steam-volatile residue was 
adjusted to pH 6 and extracted with ether; 58.4 mg. of material were ob- 
tained. This substance exhibited the ultraviolet absorption spectrum of 
anthranilic acid and after one crystallization from water this product melted 
at 140-143.5° (anthranilic acid, m.p. 144—145°) and did not depress the 
melting point of an authentic specimen of anthranilic acid. The neutral 
equivalent of the steam-volatile fraction was found to be 183.9 (neutral 
equivalent of capric acid, 172). 

It was readily apparent that the empirical formula, C,;H2sNQOs, of Prod- 
uct I could be satisfied exactly by N-caprylanthranilic acid. Since this 
compound had not previously been reported, it was synthesized as follows. 
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The methyl] ester of anthranilic acid was obtained by reaction with an 
excess of diazomethane in ether. The residue remaining after evaporation 
of the ether was mixed with capry] chloride prepared from 1 gm. of capric 
acid, warmed on the water bath for a few minutes; a few ml. of benzene 
were then added, and the mixture warmed again. The benzene solution 
was transferred to 400 ml. of ether and this solution washed several times 
with water, 1 N sodium hydroxide, 1 nw hydrochloric acid, and again with 
water. Evaporation of the ether gave 1.4 gm. of methyl N-capry] anthra- 
nilate which was a low melting solid. Hydrolysis of the anthranilate with 
0.5 n ethanolic NaOH yielded 1.3 gm. of N-caprylanthranilic acid which 
was crystallized from high boiling petroleum ether, carbon tetrachloride, 
and 50 per cent ethanol to give colorless, crystalline needles which were 
recrystallized to constant melting point, 88.5-89°, and did not depress the 
melting point (88.5-89°) of a sample of Product I. 

Cy;HesNOs3. Calculated. C 70.07, H 8.65 


Found. “ 69.70, “ 8.48 
“ 69.77, “ 8.33 


The ultraviolet absorption spectrum of this synthetic material was almost 
identical with that of Product I. N-Caprylanthranilic acid in 95 per cent 
ethanol showed maxima at 2520 and 3040 A and minima at 2360 and 2750 
A; the E\%, values were 475, 150, 289, and 50, respectively. It was, 
therefore, concluded that Product I was N-caprylanthranilic acid. 

From the ozonization mixture of Pyo Ic, 486 mg. of Product I were iso- 
lated in the pure state. From the ultraviolet absorption spectra of the 
residual fractions, it was calculated that an additional 215 mg. of the ma- 
terial were present. On this basis, it was calculated that 1 mole of Pyo Ic 
had yielded 0.46 mole of N-caprylanthranilic acid. Since, in the ultra- 
violet absorption spectra of some of the residual fractions, the presence of 
anthranilic acid was detected, it seems logical that the capric acid which 
was isolated in the steam distillate had been derived from the hydrolysis of 
the N-caprylanthranilic acid initially formed. Therefore, the yield of the 
two substances together represents 0.93 mole of N-caprylanthranilic acid 
per mole of Pyo Ic. 

In other ozonizations of Pyo Ic in which the ozonide was decomposed by 
oxidation and in which the solution of the products of decomposition was 
not steam-distilled, the yield of N-caprylanthranilic acid was 0.79 and 0.85 
moles per mole of Pyo Ic used. 

No other substances could be isolated from the alkali-soluble fractions. 

The neutral fraction (375 mg.), which was a reddish oil, was dissolved in 
chloroform and poured on a column (20 X 1 cm.) of new, chloroform- 
washed Permutit. The adsorbed material was fractionally eluted by wash- 
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ing the column with chloroform to which small amounts of absolute ethanol 
were added. However, most of the material was washed through the 
column by the chloroform alone. This fraction (337 mg.) contained the 
red material and possessed an aromatic odor which resembled that of 
grapes. The second fraction, eluted with chloroform which contained 0.5 
per cent of ethanol, weighed 94 mg., most of which was Pyo Ic as judged 
from its absorption spectrum (£}%, 815 at 2360 A). 

On standing, some of the first fraction began to crystallize; hence it was 
purified by fractional crystallization. It was crystallized from a minimal 
volume of toluene to yield 114 mg. of crystalline material which was further 
purified by leaching it with hot toluene and filtering to remove a small 
amount of slightly soluble material. The toluene-soluble material was then 
crystallized repeatedly from this solvent and finally from nitromethane to 
yield a colorless, crystalline product which melted at 98.3-99° and did not 
depress the melting point of an authentic specimen of capramide which 
melted at 96.3-97°. 


CioHuNO. Calculated. C 70.12, H 12.36, N 8.18 
Found. ** 70.40, 12.05, 7.70 


From this analysis and the result of the mixed melting point determination, 
it was concluded that this neutral product was capramide. 

Assuming that nearly all of the 114 mg. of crystalline material obtained 
from the neutral fraction were capramide, then the yield of this substance 
was about 0.13 mole per mole of Pyo Ic. 

The insoluble material removed in the purification of the capramide was 
crystallized three times from 95 per cent ethanol to yield a colorless, crystal- 
line product which melted at 266°. 


Calculated. C 70.56, H 8.01, N 4.84 
Found. ** 70.13, 7.96, 5.07 


This material in the crude state did not absorb ultraviolet light, and such 
a small amount of the substance was obtained that it could not be investi- 
gated further. 

We were unable to isolate any other fragments from the ozonization of 
Pyo Ic; the remaining material consisted of intractable oils. 

Ozonization of Octahydro Pyo Ic—This compound was ozonized under 
the same conditions as were employed for the ozonizations of Pyo III and 
Pyo Ice. The ozonide was decomposed by oxidation and the solution of 
the decomposition products dissolved in ether. In one experiment in which 
810 mg. of octahydro Pyo Ic were ozonized, the ether solution of the de- 
composition products was extracted successively with 5 per cent sodium 
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bicarbonate solution, 5 per cent sodium carbonate solution, 1 N sodium 
hydroxide solution, and 1 nw hydrochloric acid solution. The weight of 
material recovered from each of these extracts was bicarbonate, 151 mg., 
carbonate, 74 mg. sodium hydroxide, 27 mg., hydrochloric acid, 50 mg., 
neutral 342 mg. 

90 mg. of the bicarbonate-soluble fraction were dissolved in ethanol, 
filtered, and crystallized repeatedly from 50 per cent ethanol and 50 per 
cent acetone to give 12.6 mg. of a colorless, crystalline product which melted 
at 131.8-132°. 


CisHssNO,. Calculated. C 65.62, H 10.71, N 4.25 
Found. ** 65.35, 10.15, 4.1 


This material did not absorb ultraviolet light at a concentration of 10 y 
per ml. in 95 per cent ethanol. A substance with these properties could 
not be found in the literature. 

The neutral fraction was dissolved in chloroform and poured onto a 
column (40 X 1 cm.) of chloroform-washed Permutit. The material was 
then eluted by washing the column with chloroform containing progres- 
sively larger amounts of absolute ethanol. In this manner, the neutral 
fraction was divided into material which possessed the ultraviolet absorp- 
tion of octahydro Pyo Ic and that which did not absorb ultraviolet light. 
This latter substance was repeatedly crystallized from aqueous acetone to 
vield a colorless, crystalline product (40 mg.) which melted at 95-96° and 
did not depress the melting point of an authentic sample of capramide. 


CyH»NO. Caleulated. C 70.12, H 12.36, N 8.18 
Found. “ 70.43, ** 12.63 
** 70.04, 12.96, 6.96 


The material from the column which exhibited the absorption spectrum 
of octahydro Pyo Ic was purified by several passages through a small 
column of Permutit and the purified material crystallized repeatedly from 
aqueous acetone to give a product which melted unsharply between 125- 
130°. Its molecular weight was found to be 473 (theory for octahydro 
Pyo Ic, 525). Spectroscopically it was nearly pure octahydro Pyo Ic 
(E\%, 550 at 2640 A). From the mother liquors a second sample which 
melted at 155-156° was isolated; this compound did not depress the melting 
point of an analytical sample of octahydro Pyo Ic. 

From the hydrochloric acid-soluble fraction, additional unchanged octa- 
hydro Pyo Ic was isolated, as indicated by its ultraviolet absorption spec- 
trum, melting point, and molecular weight determination. 

No other substances were isolated from the reaction mixture. 
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DISCUSSION 


Hydrogenation studies (1) have shown that Pyo III, Pyo Ic, and octa- 
hydro Pyo Ic have the same carbon-nitrogen-oxygen skeleton. Therefore, 
the formation of n-octanal by ozonization of Pyo III and the formation of 
N-caprylanthranilic acid by the ozonization of Pyo Ic may be taken as 
indicating that in Pyo III one of the double bonds (the difference between 
Pyo III and Pyo Ic) is located between the Ist and 2nd carbon atoms of a 
nonenyl side chain. The syntheses of Pyo Ic and Pyo III, which are 
described in the accompanying paper (4), confirm this postulate. 

Of the compounds identified from the ozonization of Pyo Ic, N-capryl- 
anthranilic acid is apparently the principal product. As has already been 
indicated, capric acid probably arises from the hydrolysis of this compound. 
The relatively small amount of capramide formed suggests that it might 
be attributable to a side reaction,as indicated in the work of Shive et al. 
(5) on the ozonization of nitrogen compounds. 

It is interesting to note that the oxidation of nearly pure samples of 
Pyo Ib with chromic acid and with alkaline potassium permanganate has 
given small yields of an acidic material which has qualitatively the same 
ultraviolet absorption spectrum as N-caprylanthranilic acid. After purifi- 
cation, this compound melted at 90-91.5° and depressed the melting point 
of N-caprylanthranilic acid. It has been identified by comparison with 
synthetic’ N-caprylylanthranilic acid, a compound smaller by 2 methylene 
carbon atoms. This further substantiates the close similarity, previously 
noted (1), in structure of Pyo Ib and Pyo Ic. 

The results of the attempts at ozonization of octahydro Pyo Ic have 
not been very conclusive. Under the conditions tried, a large proportion 
of the compound present failed to react and only one reaction product, 
capramide, was identified. 


SUMMARY 


Ozonization of Pyo III, CuHuN.20:2, in chloroform yielded 1 mole of 
n-octanal which was isolated as the 2 ,4-dinitrophenylhydrazone. No other 
products could be identified. Pyo Ic (tetrahydro Pyo III) treated in the 
same manner yielded no aldehydic or ketonic fragments but did produce 
N-caprylanthranilie acid, capric acid, and capramide. Anthranilic acid 
was detected spectroscopically but was not isolated. The yields of N- 
caprylanthranilic acid and capric acid, and the estimated yield of anthra- 
nilie acid, accounted for 1 mole of N-caprylanthranilic acid per mole of 
Pyo Ie. Octahydro Pyo Ie (dodecahydro Pyo III) was only partially 


5 Synthesis similar to that of N-caprylanthranilic acid; m.p. 93-93.5°. 


330 OZONIZATION OF ANTIBIOTIC SUBSTANCES 


attacked by ozone. The portion which did react produced capramide and 
a new acidic compound, CyH3s;NO,, melting at 131-132°, that does not 
absorb in the ultraviolet. 
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PYO III* 


By IBERT C. WELLS 


(From the Department of Biological Chemistry, State University of New York Medical 
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(Received for publication, November 23, 1951) 


The isolation of five antibiotic substances of unknown structure from 
cultures of Pseudomonas aeruginosa was reported by Hays et al. (1) in 
1945. These compounds were insoluble in water but were soluble in a 
wide variety of organic solvents. Spectroscopically, they were closely re- 
lated, although their antibiotic activities against a suitable test organism 
varied considerably. For lack of better nomenclature, these substances 
were named, in the order of their isolation, Pyo Ib, Pyo Ic, Pyo II, Pyo 
III, and Pyo IV. 

Since extracts of P. aeruginosa had been used successfully in the treat- 
ment of certain bacterial infections (1), it was deemed essential that these 
isolated antibiotic substances be identified structurally. The most suc- 
cessful method of degradation was ozonization (2). By this procedure, 
Pyo III yielded 1 mole of n-octanal per mole, and Pyo Ic yielded 1 mole 
of N-caprylanthranilic acid per mole. The latter fragment represented 
about one-half of the determined molecular weight of Pyo Ic (1). 

Because these were the only structurally significant fragments isolated, 
it was difficult to reach any conclusions concerning the over-all structures 
of Pyo III and Pyo Ic. This difficulty was partially resolved when it was 
noted that the ultraviolet absorption spectrum of 2-methyl-4-quinolinol 
(3) in 95 per cent ethanol was qualitatively the same as those of Pyo Ib and — 
Pyo Ic in the same solvent. Investigations carried out with this compound 
revealed (a) that tetrahydro-2-methyl-4-quinolinol, produced by hydro- 
genating 2-methyl-4-quinolinol in glacial acetic acid in the presence of 
reduced Adams’ platinum oxide catalyst, possessed qualitatively the same 
ultraviolet absorption spectrum as octahydro Pyo Ib and octahydro Pyo 
Ic (1), and (b) that ozonization of 2-methyl-4-quinolinol produced a frag- 
ment spectroscopically identified as N-acetylanthranilic acid.' However, 
these findings were confusing, since, by analogy to 2-methyl-4-quinolinol, 
Pyo Ic ought to be 2-nonyl-4-quinolinol, whereas the determined molecular 

* Presented in part at the meeting of the American Society of Biological Chem- 


ists in Cleveland, Ohio, April, 1951. 
1 Wells, I. C., unpublished results. 
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weight of Pyo Ic (1) was about twice the molecular weight of this substance. 
This difficulty could be resolved if it were assumed that, in the tribromo- 
phenol, in which its molecular weight was determined, the Pyo Ic dimerized 
by means of hydrogen bonding. 

It is the purpose of this paper to report the experimental test of this 
assumption by synthesizing 2-nonyl-4-quinolinol and comparing it with 
Pyo Ic. By this means it is demonstrated that Pyo Ic is, in fact, 2-nonyl- 
4-quinolinol. By similar procedures it is also demonstrated that Pyo Ib 
is 2-heptyl-4-quinolinol and that Pyo IIT is 2-(A’-nonenyl-)-4-quinolinol. 


EXPERIMENTAL 


Synthesis of 2-Nonyl-4-quinolinol (Pyo Ic)—Methyl 3-ketododecanoate 
was prepared from 0.3 mole of ethyl acetoacetate and 0.2 mole of capryl 
chloride according to the directions of Stallberg-Stenhagen (4). This ma- 
terial distilled at 117-119° at a pressure of 2 mm. of Hg and at 111-113° 
at a pressure of 1.2 mm. of Hg; n¥ = 1.4510 (literature values (4), b.p. 
109-110°, 1 mm. of Hg, and n™ = 1.4440). 

1.01 gm. of the 3-ketododecanoate and 0.41 gm. of freshly distilled aniline 
were condensed in the presence of dilute HCI and the product cyclized by 
refluxing in diphenyl ether according to the directions of Leonard et al. (5). 
The 2-nonyl-4-quinolinol thus formed was precipitated as its hydrochloride 
by diluting the reaction mixture with ether and shaking the solution with 
100 ml. of N HCl. The free base was obtained by decomposing the hydro- 
chloride with 5 per cent NaHCO; solution and represented a yield of 26 
per cent. 

The reaction product was purified by crystallization from aqueous eth- 
anol to a constant melting point? of 138-139°. This melting point was | 
not changed after precipitation of the hydrochloride from ether with N 
HC! and crystallization of the free base again from 50 per cent ethanol. 
Finally this product was crystallized from acetone to yield material having 
an unchanged melting point. This material has very nearly the same 
melting point as that (138.8-139.2°) reported for Pyo Ic (1); it did not 
depress the melting point of an authentic sample of Pyo Ic,’ but it did 
depress the melting point of an authentic sample of Pyo Ib.’ 

The ultraviolet absorption spectra‘ of 2-nonyl-4-quinolinol and authentic 
Pyo Ic dissolved in 95 per cent ethanol, 0.01 N ethanolic HCI, and 0.009 n 
ethanolic KOH are shown in Fig. 1. : 


* The Fisher-Johns apparatus was used in this work. All melting points are un- 
corrected unless otherwise specified. 

’ The author is grateful to Dr. E. A. Doisy for this determination. 

*A Beckman quartz spectrophotometer (model DU) was used in the spectro- 
scopic work reported in this paper. 
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The oxalates of 2-nonyl-4-quinolinol, authentic Pyo Ic, and synthetic 
Pyo Ib were prepared by dissolving these materials in a minimal volume 
of ethanol and adding these solutions to saturated solutions of anhydrous 
oxalic acid in dry ether. The precipitates of the oxalates were collected on 


4 


LENGTH N 

Fre. 1. Curve 1, per cont othanel. Synthetic Fye le, 
maxima at 2360 A 1040), 3160 A and 3280 A 429); min- 
ima at 2580 A (EI%, 37) and 3220 A (BENZ Authentic Pyo Ic, maxima at 
2360 A (E!%, 1080), 3160 A (E!%, 440), and co A (El%, 425); minima at 2580 
A (E}%,. 35) and 3220 A (Ei%, 386). Curve 2, absorption spectra in 95 per cent 
ethanol. Synthetic tetrahydro Pyo Ic, maximum at 2640 A (E!%, 574); minimum 
at 2300 A (E}%, 52). Authentic tetrahydro Pyo Ie (“‘octahydro” Pyo Ie (1)), 


‘maximum at 2640 A (E1%, 578); minimum at 2300 A (E}%, 44). Curve 3, ab- 


sorption spectra in 0.010 N ethanolic HCl. Synthetic Pyo Ic, maxima at 2320 A 
(E\, 2188) and 3000 A (E\%, 326); minimum at 2560 A (E\%, 42). Authentic 
Pyo le, maxima at 2320 A (E!%, 2156) and 3000 A (E}~%, 316); minimum at 2560 

A (Ej Gn. 36). Curve 4, absorption spectra in 0.009 N ethanolic KOH. Synthetic 
Pyo “te maxima at 2440 A (E\ - and 3140 A (E}~,, 362); minima at 2300 A 
(Et em. 806) and 2660 A (E\” . Authentic Pyo Ic, maxima at 2440 A 
(E\ em 1022) and 3140 A (ES ta minima at 2300 A (E}2, 802) and 2660 A 
40). 


sintered glass filters and washed with dry ether. The 2-nonyl-4-quinolinol 
oxalate melted at 158-159° and did not depress the melting point (156- 
157°) of Pyo Ic oxalate but did depress the melting point (156-158°) of 
Pyo Ib oxalate. 

The ultimate analyses, molecular weight determinations by the Rast 
method in tribromophenol, and antibiotic activities of 2-nonyl-4-quinolinol 
and Pyo Ic are shown in Table I. 
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Tetrahydro-2-nonyl-4-quinolinol—200 mg. of 2-nonyl-4-quinolinol were 
dissolved in 10 ml. of glacial acetic acid and 50 mg. of Adams’ platinum 
oxide catalyst added. This suspension was shaken under 8 pounds of 
hydrogen pressure for 4 hours. 


Ultimate Analyses, Molecular Weight Determinations, and Antibiotic Activities of 
Natural and Synthetic Pyo Compounds 


Compound Formula Cc H N_ /|Mol. wt. M.p. Activity® 
per cent per cent per cent shiditi 
unils per mg. 
Pyo Ib (1)* 78.55 | 8.6 | 5.7 | 440 (146.2-147 | 160 
78.8 | 8.7 160t 
Synthetic Pyo Ib 5.3 | 492 146 -147 160T 
78.62 | 8.52 | 
2-Heptyl-4-quin- CisHnNO | 78.97 | 8.70 | 5.76 | 243.3 
olinol 
Pyo Ie (1) 79.4 | 9.41 | 5.35 | 486 (138.8-139.2) 1280 
79.42 | 9.48 | 5.3 1280T 
Synthetic Pyo Ic 79.45$) 9.323 138 -139 | 1280f 
79.54 | 9.21 | 4.93§| 506 
2-Nonyl-4-quinol- | CisHssNO | 79.66 | 9.29 | 5.16 m4 
inol 
Pyo III (1) 79.54 8.8 | 5.5 | 502 (152.8-153.5 300, 40f 
Synthetic Pyo III 81.37t 8.74t 151 -152 
81.12 | 8.74 | 4.9 | 530f 40t 
2-(A'-Nonenyl-)-4- | CisH:NO | 80.25 | 8.61 | 5.20 | 269.4 
quinolinol 


The author is also grateful to Dr. L. R. Jones, St. Louis University School of 
Medicine, St. Louis, Missouri, for a culture of Staphylococcus aureus F used as the 
test organism in the previous work (1) with these compounds. 

* Hays et al. (1). 

t The author is indebted to Mr. Leonard Canarile, Department of Bacteriology, 
State University of New York Medical Center at Syracuse University, Syracuse, 
New York, for this determination. 

t The author is indebted to Dr. S. A. Thayer, St. Louis University School of 
Medicine, St. Louis 4, Missouri, for this determination. 

§ The author is indebted to Dr. J. M. McKibbin, State University of New York 
Medical Center at Syracuse University, Syracuse, New York, for this determination. 


The reaction mixture was filtered and the acetic acid solution dissolved 
in ether and washed with 5 per cent NaHCQ; solution and then with water. 
After the ether had been distilled, the residue of tetrahydro-2-nonyl-4- 
quinolinol was dissolved in ethanol, decolorized with Darco G-60, and 
crystallized to a constant melting point of 155.5-156° from aqueous ethanol. 
This material did not depress the melting point of an authentic sample of 
“octahydro”’ Pyo Ice which melted at 155—-155.5°. 
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The ultraviolet absorption spectra of tetrahydro-2-nonyl-4-quinolinol 
and “octahydro”’ Pyo Ic are shown in Fig. 1. 

Synthesis of 2-Heptyl-4-quinolinol (Pyo Ib)—Chromic acid oxidation of 
a nearly pure sample of Pyo Ib yielded a small amount of an acid which 
was identified as N-caprylylanthranilic acid, while a similar oxidation of 
Pyo Ic gave N-caprylanthranilic acid (2). This relationship would indi- 
cate that Pyo Ib is 2-heptyl-4-quinolinol. To test this hypothesis this 
compound was synthesized in the same manner as 2-nonyl-4-quinolinol 
above. 

The methyl] 3-ketodecanoate was distilled at 101—104° under a pressure 
of 2 mm. of Hg; n® = 1.4419 (literature values (4), b.p. 107—109°, 2.8 mm. 
of Hg, n® = 1.4393). 

3 gm. of the 3-ketodecanoate and 1.4 gm. of freshly distilled aniline were 
condensed and the product cyclized as previously described (5). The re- 
sulting 2-heptyl-4-quinolinol was isolated as its hydrochloride as before 
and the free base, obtained from the hydrochloride, crystallized from aque- 
ous ethanol and acetone to a constant melting point of 146-147° after 
decolorization in aqueous ethanol with Darco G-60.5 This material did 
not depress the melting point of an authentic sample of Pyo Ib’ but did 
depress the melting point of a sample of Pyo Ic.’ 

The ultimate analyses, molecular weight determinations by the Rast 
method in tribromophenol, and antibiotic activities of 2-heptyl-4-quinolinol 
and Pyo Ib are given in Table I. 

The ultraviolet absorption spectra of 2-heptyl-4-quinolinol and Pyo Ib 
in 95 per cent ethanol, 0.01 n ethanolic HCI, and 0.009 n ethanolic KOH 
are shown in Fig. 2. 

Tetrahydro-2-heptyl-4-quinolinol—67 mg. of 2-heptyl-4-quinolinol were 
dissolved in 10 ml. of glacial acetic acid and 10 mg. of Adams’ platinum 
oxide catalyst added. This mixture was shaken under 3 pounds of hydro- 
gen pressure for 4 hours. 

The tetrahydro-2-heptyl-4-quinolinol was isolated as was the correspond- 
ing 2-nonyl derivative above and crystallized from aqueous ethanol to a 
constant melting point of 162.5-163.5°, after decolorization with Darco 
G-60 in aqueous ethanol. This melting point corresponds closely with 
the value 163.8-164° reported for ‘“‘octahydro’”’ Pyo Ib (1). The material 
depressed the melting point of ‘‘octahydro” Pyo Ic. Its ultraviolet ab- 
sorption spectrum in 95 per cent ethanol is given in Fig. 2. 

Synthesis of 2-(A'-Nonenyl-)-4-quinolinol (Pyo I11)—Hydrogenation stud- 
ies (1) previously reported clearly demonstrate that Pyo III and Pyo Ic 
have the same skeletal structure. Since the ozonization of Pyo III pro- 
duces n-octanal and since Pyo Ic is 2-nonyl-4-quinolinol, it follows that 

* In this experiment, the yield was 8 per cent; in a subsequent experiment under 
slightly modified conditions, the yield was 32 per cent. 
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Pyo III is 2-(A'-nonenyl-)-4-quinolinol. To test this hypothesis the syn- 
thesis of this compound was attempted. 
n-Octanal was prepared in 70 per cent yield from ethyl orthoformate and 


WAVE LENGTH WN My 

Fic. 2. Curve 1, absorption spectra in 95 per cent ethanol. Synthetic Pyo Ib, 
maxima at 2360 A (Ej%, 1142), 3160 A (Ej2,, 456), and 3280 A (E}%, 438); min- 
ima at 2580 A (Eien. 39) and 3220 A (Ei. 409). Authentic Pyo Ib, maxima at 
2360 A (El, 1218), 3160 A (E!%, 500), and 3280 A (£1%, 481); minima at 2580 
A (Ei% 55) and 3220 A (E}%, 440). Curve 2, absorption spectra in 95 per cent 
ethanol. Synthetic tetrahydro Pyo Ib, maximum at 2640 A (Ei% 627); minimum 
at 2320 A (E\ 2 85). Authentic tetrahydro Pyo Ib (“‘octahydro” Pyo Ib (1)); 
maximum at 2640 A (E\% 580); minimum at 2320 A (E\%, 185) (1). Curve 3, 
absorption spectra in 0.010 N ethanolic HCl. Synthetic Pyo Ib, maxima at 2320 A 
(Ei, 2396) and 3000 A (E}%, 346); minimum at 2560 A (E}Z,, 32). Authentic 
Pyo Ib, maxima at 2320 A (E}%, 2356) and at 3000 A (E!%, 360); minimum at 
2560 A (E}=, 44). Curve 4, absorption spectra in 0.009 N ethanolic KOH. Syn- 
thetic Pyo Ib, maxima at 2420 A (Ei, 1146) and 3140 A (E}%, 386); minima at 
2300 A (E}~, 858) and 2640 A (E!%, 62). Authentic Pyo Ib, maxima at 2420 A 
(E\%, 1156) and 3140 A (E1%, 376); minima at 2300 A (E!%, 832) and 2640 A 
42). 


0.56 mole of n-heptyl bromide (6). From the n-octanal obtained and 
malonic acid, A?-decenoic acid was prepared by the Knoevenagel reaction 
according to the directions of English (7). The A*-decenoic acid was not 
isolated, but its yield was assumed to be at least 36 per cent or 0.2 mole. 
From this acid methyl 3-keto-A‘-dodecenoate was prepared by the pro- 
cedure of Stallberg-Stenhagen (4). Distillation of the final reaction mix- 
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ture under a pressure of 2.5 mm. of Hg yielded 13.6 gm. of a faintly yellow 
liquid which distilled in the range 90-125°; n® = 1.4468. This fraetion 
was assumed to contain the desired product and was not further fraction- 


LENGTH IN My 

Fic. 3. Curve 1, absorption spectra in 95 per cent ethanol. Synthetic Pyo III, 
maxima at?2580 (EI%, 1460), 2670 A (E}%, 1416), 3080 A (E!%, 326), and 
3380 A (E}%, 419); minima at 2640 A (E}%, 1360), 2820 A (E}%, 148), and 3160 
A (E\%, 288). Authentic Pyo III, maxima at 2580 A (E}%, 1436), 2670 A 
(Ei%, 1396), 3080 A (E}%, 323), and 3380 A (E}~, 411); minima at 2640 
A (E'%, 1326), 2820 A (1%, 145), and 3160 A (E1%, 283). Curve 2, absorption 
spectra in 95 per cent ethanol. Synthetic dihydro Pyo III, maxima at 2360 
A (Ei%, 1084), 3160 A (E1%, 438), and 3280 A (E!%, 420); minima at 2580 A 
(E1%, 41) and 3220 A (E\ 2, 382). Authentic dihydro Pyo III (Pyo Ie (1)), max- 
ima at 2360 A (Ej, 1080), 3160 A (Ej 2m, 440), and 3280 A (E|%, 425); minima 
at 2580 A (E'%, 35) and 3220 A (B1%, 386). Curve 3, absorption spectra in 0.010 
N ethanolic HCl. Synthetic Pyo III, maxima at 2580 A (E'%, 1584), 2670 
A (E'%, 1706), and 3200 A (E1%, 612); minima at 2620 A (E'%, 1506) and 2800 
A (B1%, 163). Authentic Pyo III, maxima at 2580 A (E1%, 1454), 2670 A 
(E'%, 1594), and 3200 A (E'%, 576); minima at 2620 A (E!%, 1384) and 2800 A 
(E\%, 160). Curve 4, absorption spectra in 0.009 NV ethanolic KOH. Synthetic 
Pyo III, maxima at 2600 A (E!%, 1642) and 3260 A (E!%, 302); minimum at 2850 
A (E!%, 158). Authentic Pyo III, maxima at 2600 A (E!%, 1676) and 3260 A 
280); minimum at 2850 A (Ej Zp, 140). 


ated. Its distillation curve exhibited no sharp breaks; therefore it un- 
doubtedly was a mixture. 

In one run, 9.1 gm. of this material were allowed to react with 4.7 gm. 
of redistilled aniline and the product cyclized according to the directions 
of Leonard et al. (5). Since nothing crystallized from the reaction mixture, 
it was distilled in vacuo to give a residue of 2.9 gm. From this residue 
0.27 gm. of material, which contained Pyo III spectroscopically, was iso- 
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lated by chromatographing the residue on a column (75 X 1.8 cm.) of 
CHC1;-washed Permutit. Chloroform was used for the solvent and the 
eluent was 0.25 per cent ethanol in chloroform. The fraction obtained 
was estimated spectroscopically to be 30 per cent Pyo III and thus the 
yield, assuming the starting material to be pure, was only 0.8 per cent. 

Similar fractions from other runs were combined and chromatographed 
as before, and the purified material obtained was crystallized from aqueous 
ethanol and aqueous methanol, after decolorization in aqueous ethanol 
with Darco G-60, to a constant melting point of 151-152°. The product 
did not depress the melting point of an authentic sample of Pyo III which 
melted at 151.5-152°. 

The ultimate analyses, molecular weight determinations by the Rast 
method in tribromophenol, and antibiotic activities of 2-(A'-nonenyl-)-4- 
quinolinol and Pyo III are given in Table I. The ultraviolet absorption 
spectra of the two compounds dissolved in 95 per cent ethanol, 0.01 Nn 
ethanolic HCl, and 0.009 wn ethanolic KOH are shown in Fig. 3. 

Dihydro-2-(A'-nonenyl-)-4-quinolinol—The materials in the mother liq- 
uors from the purification of synthetic Pyo III were combined in 10 ml. 
of 95 per cent ethanol and 10 mg. of Adams’ platinum oxide catalyst 
added. The mixture was shaken under 5 pounds of hydrogen pressure for 
4hours. After the reaction mixture was filtered and the solvent evapo- 
rated, the residue was crystallized to a constant melting point of 137-138° 
from aqueous methanol and aqueous ethanol, after having been decolor- 
ized with Darco G-60 in aqueous ethanol. The product did not depress 
the melting point of a sample of Pyo Ic (“tetrahydro Pyo” III (1)) but 
did depress the melting point of a sample of Pyo Ib. It exhibits the 
same antibiotic activity against the test organism as does synthetic Pyo 
Ic and authentic Pyo Ic. The ultraviolet absorption spectrum in 95 per 
cent ethanol is shown in Fig. 3. 


DISCUSSION 


From the experiments cited above there can be no doubt that Pyo Ib 
and Pyo Ic are 2-heptyl-4-quinolinol and 2-nony]l-4-quinolinol, respectively. 
The syntheses were straightforward and gave acceptable yields of products 
of predictable structure. The properties of these substances coincided 
with those of the isolated materials, including the property of dimerizing 
in tribromophenol, in which their molecular weights were determined. 

The synthesis of Pyo III is equivocal because of the somewhat unsatis- 
factory values for the carbon content and the very small yield obtained. 
The former fact may be ascribed in part to the difficulties encountered in 
the purification of both the natural and synthetic material, while the latter 
must be related to the lack of homogeneity of the methyl 3-keto-A‘-dodeca- 
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noate preparation used in the synthesis. This preparation probably con- 
tained not only the cis and trans isomers of the expected compound but 
also the cis and trans forms of a variety of other isomers differing in the 
position occupied by the double bond. The wandering of the double bond 
would be expected to occur under the very alkaline conditions used in the 
last step in the syntheses of the ester (4). However, the following facts 
leave no doubt as to the structure of Pyo III, except as to whether it is the 
cis or trans isomer: (a) a compound having the properties of Pyo III was 
formed by this synthesis, (b) hydrogenation studies (1) established that 
Pyo III and Pyo Ic, the structure of which is now known, have the same 
skeletal structure, and (c) degradation with ozone (2) proved that the 
double bond in the side chain of Pyo III must be situated between carbons 
1 and 2. 

It is of interest to note that from the mixture of quinoline bases obtained 
from the bark of Galipea cusparia (Galipea officinalis, Angostura bark) 
Spith (8) isolated a substance which he identified as 2-n-amyl-4-methoxy- 
quinoline, a derivative of a homologue of Pyo Ib and Pyo Ic. Also of 
interest is the close similarity in structure of Pyo Ib, Pyo Ic, and Pyo III 
to that of kynurenic acid, a normal intermediate product in the metabolism 
of tryptophan (9). It is possible that P. aeruginosa synthesizes Pyo III 
by condensing kynurenic acid with caprylic acid and forms Pyo Ic by the 
reduction of Pyo III. The similarity of structure among Pyo Ib, Pyo Ic, 
Pyo III, and kynurenic acid also suggests that these Pyo compounds might 
owe their antibiotic activity to their ability to compete with normal inter- 
mediates in the metabolism of tryptophan. 


SUMMARY 


The structures of three antibiotic substances, Pyo Ib, Pyo Ic, and Pyo 
III, isolated from cultures of Pseudomonas aeruginosa, have been shown 
to be 2-heptyl-4-quinolinol, 2-nonyl-4-quinolinol, and 2-(A4'-nonenyl-)-4- 
quinolinol, respectively. The structures of the two other (1) antibiotic 
substances, Pyo II and Pyo IV, remain unknown. 


It is a pleasure to acknowledge indebtedness to Dr. E. A. Doisy, St. 
Louis University School of Medicine, St. Louis, Missouri, for his many 
helpful suggestions and encouragement during the course of this work. 
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REACTION OF PYO COMPOUNDS WITH SODIUM HYPOIODITE 
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It was noted early in the investigations of the Pyo compounds that 
treatment of Pyo I' with an alkaline iodine solution resulted in the forma- 
tion of a product which was markedly more active against Staphylococcus 
aureus than was the original substance. In these cases, the activity of the 
product was about 10 times that of the starting material (1). Since it 
was known that this reagent has the power to cleave carbon to carbon 
linkages in certain types of structures (2), the effect of this reagent on the 
Pyo compounds was studied in the hope of obtaining more active anti- 
biotic substances which would be degradation products of the original 
compounds. 

As expected from the earlier work, the products of the reaction of sodium 
hypoiodite with Pyo Ib, Pyo Ic, Pyo II, and Pyo III were much more 
active against S. aureus than were the parent compounds; however, the 
formulas obtained from analyses of these substances indicate that in general 
the reaction was one of substitution and not of cleavage. 


EXPERIMENTAL 


The procedure used was that of Fuson and Tullock (3) and is as follows: 
50 to 300 mg. of the Pyo compound were dissolved in 10 ml. of dioxane, 
1 ml. of 10 per cent sodium hydroxide solution was added, and iodine- 
potassium iodide solution added until an excess of iodine remained after 
2 minutes at 60°. The excess iodine was destroyed by adding aqueous 
10 per cent NaOH, and the solution then diluted with approximately 10 
volumes of water. The mixture was allowed to stand for 15 minutes; 


* Present address, Department of Biochemistry, State University of New York 
Medical Center at Syracuse University, Syracuse 10, New York. 

t Present address, the Armour Research Laboratories, Armour and Company, 
Chicago, Illinois. 

' The terminology in this paper conforms to that used in the previous article (1) 
and during the course of the experimental work. 
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the precipitate was collected on a sintered glass filter and washed thor- 
oughly with water. The alkaline filtrate was examined for the presence of 
cleavage products. 

Pyo Ib—80 mg. of Pyo Ib (m.p. 142.5-142.8°)? were treated by the 
procedure just described and gave 108.7 mg. of solid material. Cleavage 
products could not be found in the alkaline filtrate. The solid residue was 
sparingly soluble in methanol, ethanol, acetone, and benzene. Three crys- 
tallizations from methanol yielded 78.7 mg. of a colorless, crystalline ma- 
terial which melted at 227-228° (decomposition). 

Pyo Ic—204.3 mg. of Pyo Ic (m.p. 137-138°), treated with iodine in 
alkaline solution as above, gave 305.5 mg. of solid material. There was 
no indication of any cleavage product in the alkaline filtrates. The residue 
was easily soluble in acetone, moderately soluble in methanol and ethanol, 
and sparingly soluble in ethyl acetate. Repeated crystallizations from 
methanol and ethanol yielded 115 mg. of a colorless, crystalline solid which 
melted at 230° (decomposition). A mixture of the reaction products of 
Pyo Ib and Pyo Ic melted several degrees lower than the melting point of 
either component. 

In one experiment, the alkaline solution of Pyo Ie was treated with an 
excess of iodine at 100° for several hours. The same substance as before 
was isolated as the only product of the reaction. 

Pyo II—304 mg. of Pyo IT (m.p. 149°) were treated as previously de- 
scribed. The residue obtained weighed 171 mg. It was decolorized in 
methanol solution with Norit and crystallized from methanol; 66 mg. of 
a colorless, crystalline solid were obtained. This product melted at 214- 
216° (decomposition). By acidification of the alkaline solution and ex- 
traction with ether, a dark, viscous, oily material was obtained that could 
not be induced to crystallize. This material was extractable from ether 
solution with dilute NaOH and gave a positive Beilstein test for halogen. 

Pyo I1I—204.4 mg. of Pyo III (m.p. 149-150°) were treated with iodine 
by the foregoing procedure. The weight of the residue obtained was 307.6 
mg. Degradation products were not found in the alkaline filtrate. On 
crystallization of the solid material from ethanol, it appeared that the 
product was a mixture, and eventually 165 mg. of a faintly yellow, crystal- 
line compound (iodo Pyo IIIa), which had a constant melting point of 
199.5-200° (decomposition), were obtained. 14 mg. of another substance 
(iodo Pyo IIIb) were isolated. It was a colorless, crystalline substance 
and melted at 198-199° (decomposition) and was crystallized from meth- 
anol, acetone, and ethanol. A mixture of approximately equal amounts 
of these two substances melted at a temperature lower than the melting 


? The Fisher-Johns apparatus was used to determine all melting points reported 
in this paper. 
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point of either component. No other product could be isolated from the 
The analyses of these iodo Pyo compounds are listed in Table I. 
DISCUSSION 


The analysis of iodo Pyo IIIb, although not acceptable from the view- 
point of giving its exact empirical formula, indicated that its molecule 
was closely similar in size and composition to iodo Pyo Illa and that the 
reaction of sodium hypoiodite with Pyo III had not resulted in cleavage 
but rather in substitution. 

The ultraviolet absorption spectra of these two compounds in 95 per 
cent ethanol also indicate their close relationship: iodo Pyo IIIa, maxima 


Taste I 
Analytical Values Obtained for Iodinated Products 
I 


Pyo Ib CyuHaNO | Theory | 52.04) 5.46 
Pyole CyHsNO  CyHy,NOL Theory 


| 54 6 
Pyoll = CyH»NOl Theory | 53.27) 5 
(neutral) Found | 52.93) 6. 
54.69) 5 
i 6 


* 


Pyo CuHaNO | Theory 
| Found 


at 2560 A (E}%,. 732) and 3400 A (E}%, 261), and minima at 2320 A 
(E\%, 468) and 2920 A (E\%, 91); iodo Pyo IIIb, maxima at 2560 A 
(E'%, 770) and 3400 A (E'%, 277), and minima at 2320 A (E{%,. 497) 
and 2920 A (E}%,, 98). 

The analytical values obtained for the iodinated products were not con- 
sistent with the empirical formulas originally proposed for the Pyo com- 
pounds (1). However, it has now been shown (4) that the structures of 
Pyo Ib, Pyo Ic, and Pyo III are 2-heptyl-4-quinolinol, 2-nonyl-4-quino- 
linol, and 2-(A4'-nonenyl-)-4-quinolinol, respectively, and that the empiri- 
cal formulas reported for these compounds were based on the determined 
molecular weights of the dimeric forms. From the hydrogenation studies 
previously reported (1) it is apparent that Pyo II is of similar size and 
constitution. It is seen from Table I that the analytical values obtained 
for the iodinated products are consistent with the empirical formulas of Pyo 
Ib, Pyo Ic, and Pyo III and with the revised formula of Pyo II. In- 
spection of the formulas which best fit the analytical data of the iodo 
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Pyo compounds reveals that the effect of the sodium hypoiodite was to 
replace an atom of hydrogen with an atom of iodine, indicating that a 
substitution reaction had taken place. In the case of Pyo IT an atom of 
oxygen was also lost. None of the iodine present in iodo Pyo Ic is easily 
ionizable, as evidenced by the fact that treatment of an alcoholic solution 
of this compound with an ethanol solution of silver nitrate did not result 
in the precipitation of silver iodide. If the solution of iodo Pyo Ic were 
first heated for a few minutes with sodium acetate, some of the iodine 
could be precipitated with ethanolic silver nitrate. 

The structures of iodo Pyo Ib, iodo Pyo Ic, and iodo Pyo Illa are un- 
known. However, by analogy to the general reaction of phenols with 


Taste Il 
Potencies of Pyo Compounds and Their Iodinated Products by Serial Dilution 
Procedure 
Serum, units per me 
Compound 
Absent Present 
1280 160 
Iodo Pyo Ic 10,000 160 


halogens it appears reasonable that these products are the 3- iodo deriv- 
atives of the parent compounds. 

Table II records the antibiotic activities in terms of growth inhibition of 
S. aureus F by the serial dilution procedure (1) of the Pyo compounds and 
their iodinated products. A comparison of the potencies of the iodo prod- 
ucts with those of the original Pyo compounds shows an increased activity 
of the former against the test organism. However, it is seen that if serum 
is added to the assay medium the activities of both the parent compounds 
and their iodo derivatives are virtually lost. Under these conditions the 
parent Pyo compounds are perhaps slightly more potent than their 
iodinated products. 

The potencies of the iodo Pyo compounds were determined by the serial 
dilution method (1) against the following organisms: Bacillus subtilis, Neis- 
seria catarrhalis, Proteus vulgaris, Escherichia coli, Diplococcus pneumoniae 


q 
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I1,* Corynebacterium diphtheriae? Streptococcus viridans “‘lab,’* Streplococcus 
hemolyticus,? Bacillus anthracis, and Saccharomyces cerevisiae. In every 
case the potency was very low, being always less than 40 and generally less 
than 20 units per mg. 


SUMMARY 


The reactions of Pyo Ib, Pyo Ic, Pyo II, and Pyo III with sodium 
hypoiodite have been investigated. In general, the reaction is a substitu- 
tion of a hydrogen atom by an iodine atom. 

In agreement with earlier preliminary observations, the iodinated deriva- 
tives possessed a much greater antibiotic activity against the test strain 
of Staphylococcus aureus than did the parent Pyo compounds. However, 
the potencies of both are virtually lost if serum is added to the assay 
medium. 
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The importance of desoxyribose nucleic acid (DNA) in the function of 
the nucleus of animal cells and of bacteria and viruses has received in- 
creasing appreciation (1,2). Little is known, however, of the biosynthetic 
pathway for the formation of the sugar moiety of DNA which is des- 
oxyribose. 

As reported in a preliminary communication (3), extracts of Escherichia 
coli catalyze the following reversible reaction: 


Glyceraldehyde-3-phosphate + acetaldehyde — desoxyribose-5-phosphate 


+ CH,CHO 
= 


The enzyme which catalyzes this aldol condensation has been purified 
and its properties studied. This enzyme, desoxyribose phosphate aldolase 
(DR aldolase), is widely distributed in microorganisms and animal tissues. 

Enzymatic Synthesis and Breakdown of Desoryribose-5-phosphate—In ex- 
tracts of E. coli obtained by sonic disintegration of the washed cells, the 
enzyme was readily demonstrated, as is shown in Table I. The product 
gave a positive Dische reaction with diphenylamine for desoxypentose (4) 
and was formed in appreciable amounts only if both acetaldehyde and a 
source of glyceraldehyde-3-phosphate were added. With crude extracts 
small amounts of the desoxy compound occasionally appeared on addition 
of acetaldehyde alone. This rather small blank disappeared after the first 
steps of purification and was probably due to glyceraldehyde-3-phosphate 
formation from endogenous polysaccharides. In most of the present ex- 
periments, fructose-1 ,6-diphosphate in conjunction with crystalline al- 
dolase (5) was used as a source of glyceraldehyde-3-phosphate, which will 
be shown later to be the triose substrate for the enzyme. From the experi- 
ments recorded in Table I (first column), it can be seen that with crude 
extracts the addition of aldolase had relatively little effect since con- 
siderable amounts of aldolase were already present. On further purifica- 
tion, however, the activity of aldolase became increasingly limiting and 
aldolase had to be added to insure maximal rates (second column). 


* Aided by a grant from The National Foundation for Infantile Paralysis, Inc. 
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Reversibility of the formation of desoxyribose-5-phosphate was first sug- 
gested by experiments with some crude bacterial preparations. Such an 
experiment is shown in Fig. 1. With a crude extract from Corynebac- 


TaB.e I 
Enzymatic Formation of Desozyribose-5-phosphate 

The complete system contained the following substances in a final volume of 
1 ml.: 30 ue of fructose-1,6-diphosphate (HDP), 50 um of acetaldehyde, 30 y of crystal- 
line aldolase, 50 um of potassium phosphate buffer, pH 7.2, and 3.2 mg. of a crude ex- 
tract of E. coli strain B obtained by sonic disintegration or 0.5 mg. of a partially 
purified preparation. After 30 minutes incubation at 37°, an equal volume of 10 
per cent trichloroacetic acid was added and a 0.2 ml. sample was taken of the super- 
natant solution for the test with the diphenylamine reagents. 


Desoxyribose-5-phosphate 
Grade extract | enayme 
per mg. protein per mg. protein 


Acetaldehyde omitted... | 0 0 
Aldolase and HDP omitted....................... : 3 0 
Complete system deproteinized at 0 time.......... | 0 0 
1.2 
: | | Enz 
0 
0 60 120 180 240 
MINUTES 


Fia. 1. Reversible formation of desoxyribose-5-phosphate. Experimental condi- 
tions were as described in Table I. The purified DR aldolase was obtained from 
E. coli strain B; the crude enzyme preparation was 0.2 ml. of a crude extract of C. 
diphtheriae prepared by Dr. A. M. Pappenheimer, Jr. 


terium diphtheriae, desoxyribose-5-phosphate formation was demonstrable 
after short periods of incubation. After prolonged incubation, the desoxy 
compound disappeared. 

On incubation of partially purified DR aldolase preparations with des- 
oxyribose-5-phosphate isolated from the above reaction, acetaldehyde and 
glyceraldehyde-3-phosphate were liberated. The formation of these al- 
dehydes was measured spectrophotometrically as shown in Fig. 2. In the 
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presence of glyceraldehyde-3-phosphate dehydrogenase (6) and diphospho- 
pyridine nucleotide (DPN), glyceraldehyde-3-phosphate formed from des- 
oxyribose-5-phosphate is oxidized to phosphoglyceric acid, thereby reducing 
DPN as shown by the increment in absorption at 340 my. At the end of 
this reaction the accumulation of acetaldehyde was demonstrated by the 
addition of DPN-linked acetaldehyde dehydrogenase (7). Thus 2 mole- 
cules of DPN were reduced for each molecule of desoxyribose-5-phosphate 
split. More conveniently, DR aldolase activity as well as desoxyribose- 


LACTIC. DEHYDROGENASE 
+ PYRUVATE 


3° 
+ t 
5 “penvorocenase | 


Fic. 2. Dismutation between desoxyribose-5-phosphate and pyruvic acid. The 
following solutions were pipetted into a quartz cell in a final volume of 3 ml., 1.0 ml. 
of 0.06 m pyrophosphate, pH 8.5, 15 um of potassium arsenate, 1 mg. of crystalline 
glyceraldehyde-3-phosphate dehydrogenase, 500 y of DPN, 30 7 of DR aldolase, and 
0.05 um of desoxyribose-5-phosphate. At the signs of the arrows, 500 y of aldehyde 
dehydrogenase and later 3 y of lactic dehydrogenase and 50 y of potassium pyru- 
vate were added. 


5-phosphate was measured by using reduced DPN and the aldehyde re- 
ductases. The formation of acetaldehyde was determined with alcohol 
dehydrogenase (8) and glyceraldehyde-3-phosphate with isomerase and 
a-glycerophosphate dehydrogenase (9). On addition of both systems the 
sensitivity of the test was doubled and a rapid and accurate test system 
for DP aldolase was obtained which will be described below. 

The formation of acetaldehyde from desoxyribose-5-phosphate has also 
been measured by using the colorimetric method of Barker and Summerson 
(10) on samples deproteinized by means of trichloroacetic acid. Appro- 
priate zero time controls must be run to correct for small blank values 
obtained before enzymatic action has taken place. 
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Distribution of DR Aldolase and Its Measurement in Various Tissues— 
The enzyme is widely distributed in bacteria and animal tissues. Among 
animal tissues the enzyme is most readily detected in liver and thymus, 
For measurements of enzyme concentration two methods were used. (a) 
The formation of desoxyribose-5-phosphate was followed by the diphenyl- 
amine reaction; (b) the formation of aldehydes from desoxyribose-5-phos- 
phate was measured spectrophotometrically as described above. Certain 
difficulties encountered with various tissues and cell extracts should be 
mentioned. The more accurate spectrophotometric test is often compli- 
cated by the presence of high reduced DPN oxidase activity in crude 
extracts. Although in animal tissues the oxidation of reduced DPN is 
linked to the cytochrome system and can be blocked by KCN or BAL 
(11), in bacteria the reduced DPN oxidase is resistant to both inhibitors 
(12) and measurements must be carried out anaerobically. The much 
simpler colorimetric test on the other hand is less accurate and is com- 
plicated by the rapid oxidation of triosephosphate and acetaldehyde in 
microorganisms. This difficulty can be partially overcome by avoiding 
the addition of phosphate, which is known to accelerate the oxidation of 
aldehydes. The difficulties of the assay methods mentioned above have 
not been entirely overcome when crude extracts were used and may account 
for the failure to demonstrate the enzyme, e.g. in extracts of yeast. 

DR aldolase activity in extracts varied with FE. coli preparations grown 
under different conditions. However, no striking differences in specific 
activity were found. Thus, the variations.seem to be due to differences 
in ease of extractability rather than differences in enzyme content. The 
extracts manifesting the highest activity were obtained from cells grown 
in neopeptone infusion broth to which no glucose had been added. Al- 
though considerable increase in the yield of bacteria was obtained on addi- 
tion of glucose to the media, the total yield of enzyme was lower, due to 
the greater resistance to disintegration of the cells grown in the presence 
of added glucose. 

Isolation of DR Aldolase—For the purification of the enzyme three 
sources were used as starting material: (1) Z. coli strain B grown on neo- 
peptone infusion broth; (2) Z. coli strain 4157 grown on a complex me- 
dium containing glucose, casein hydrolysate, and yeast extract ;? (3) extract 
of mouse liver. 

Marked differences in the solubility of the enzyme obtained from these 
various sources were found. The enzyme was precipitated from mouse 


! Glass cells which can be evacuated were used for this purpose. They were made 
by E. Machlett and Son, New York. 

2 The lyophilized bacteria were generously supplied by Dr. 8. Ochoa and Dr. 
J. R. Stern. 
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liver extracts by ammonium sulfate at 50 per cent saturation, from E. coli 
4157 extracts between 40 and 70 per cent saturation, and from E. coli B 
extracts between 70 per cent and full saturation. These variations can 
be at least partly attributed to differences in nucleic acid content which 
alters the pH fractionation and the solubility of the enzyme in ammonium 
sulfate to a large extent. The preparation of DR aldolase from E. coli 
4157 will be described in greater detail below. 

Colorimetric Determination of DR Aldolase Activity—In this method en- 
zyme activity was determined by measuring the formation of desoxyribose 
with diphenylamine. This assay method has limited accuracy because 
of side reactions of the substrates and the formation of interfering chro- 
mogens. However, the method is useful, particularly when DR aldolase 
is determined in crude tissue extracts which frequently are unsuitable as 
material for quantitative spectrophotometric measurements. 

Procedure—A sample of the enzyme preparation diluted to produce be- 
tween 0.5 and 2.0 um of desoxyribose-5-phosphate in 30 minutes was in- 
cubated at 37° with 30 um of fructose-1 ,6-diphosphate, 30 y of crystalline 
aldolase, and 50 ym of acetaldehyde in a final volume of 1 ml. containing 
0.05 m tris(hydroxymethyl)aminomethane buffer of pH 7.2. After 30 min- 
utes incubation the solutions were deproteinized with an equal volume of 
10 per cent trichloroacetic acid, centrifuged, and 0.2 ml. samples of the 
supernatant were taken for the colorimetric test and diluted with water 
to 1 ml. Then 2 ml. of the diphenylamine reagent were added and the 
determination was carried out as described below. Under these test con- 
ditions the color formation due to desoxyribose-5-phosphate was approxi- 
mately proportional to the amount of DR aldolase added. 

Spectrophotometric Test for Determination of DR Aldolase—When des- 
oxyribose-5-phosphate was incubated with DR aldolase, acetaldehyde and 
glyceraldehyde-3-phosphate were formed and were reduced to the cor- 
responding alcohols in the presence of reduced DPN and specific dehy- 
drogenases. The oxidation of reduced DPN in the course of this reaction 
was followed spectrophotometrically at 340 mp. With limiting amounts 
of DR aldolase and an excess of alcohol dehydrogenase and a-glycerophos- 
phate dehydrogenase (containing triosephosphate isomerase), the rate of 
reduced DPN oxidation was proportional to the amount of DP aldolase 
added, as is shown in Fig. 3. 

Procedure—A Beckman quartz spectrophotometer was used for activity 
measurements. The following compounds were pipetted into microcells 
in a total volume of 1 ml. with a light path of 1 cm.: 50 um of potassium 
phosphate buffer, pH 7.6, 5 y of alcohol dehydrogenase, 50 + of a partially 
purified a-glycerophosphate dehydrogenase preparation, 50 y of reduced 
DPN, and the enzyme preparation to be measured. Finally 2 um of 
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desoxyribose-5-phosphate were added. Readings were taken every 30 sec- 
onds for several minutes. The reaction followed a zero order course and 
its rate was proportional to the amount of DR enzyme added. 1 unit is 
defined as the amount of enzyme activity which causes an increase of 
optical density of 0.001 per minute. 

Purification—Lyophilized E. coli 4157 was ground in a mortar for 10 
minutes with an equal weight of Alumina A-301 and mixed with 20 vol- 
umes of 0.9 per cent KCl. The suspension was then exposed to sonic vi- 
bration® for 10 minutes. After centrifugation for 20 minutes at 13,000 
r.p.m. in an International refrigerated centrifuge, the supernatant solution 
was collected and dialyzed against 0.9 per cent KCl overnight. To each 
15 ml. of the dialyzed preparation, 1 ml. of 1 m MnCl, was added and after 


0 L j 
0 40 80 
GAMMA PROTEIN / ML. 
Fic. 3. Determination of DR aldolase. Relation of protein concentration to 
activity measurements. 


10 minutes at room temperature the precipitate was removed at high speed. 
The clear supernatant was dialyzed with constant mechanical stirring 
against distilled water to remove potassium chloride. The dialyzed prepa- 
ration was diluted to about 5 mg. of protein per ml., and to the chilled 
preparation dilute acetic acid was carefully added until the pH dropped 
to 4.5. The precipitate was rapidly collected at 13,000 r.p.m. in the 
refrigerated centrifuge, suspended in HO, and carefully alkalinized with 
dilute ammonia to pH 5.6. The mixture was centrifuged and the pre- 
cipitate discarded. To the supernatant solution for each gm. of dried E. 
coli used, 20 mg. of protamine were added (the protamine solution was 
also adjusted to pH 5.6). The precipitate which formed was discarded 
and the water-clear, slightly yellowish supernatant solution was treated 
with alumina gel Cy. For each 100 mg. of protein, 15 mg. of the gel were 
added, the mixture was centrifuged, and the precipitate discarded. Usu- 


3 Raytheon sonic disintegrator. 
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ally only a small amount of the enzyme was adsorbed on this first addition 
of gel. To the supernatant solution 30 mg. of gel were added and nearly 
all the enzyme was adsorbed. The centrifuged gel was washed once with 
distilled water and then eluted three times with 0.01 m phosphate buffer 
at pH 7.6 with 0.25 of the volume of the supernatant solution for each 
elution. The combined eluates were then fractionated with ammonium 
sulfate and the precipitate formed between 40 to 65 per cent saturation was 
collected and dialyzed against 0.01 m phosphate at pH 7.6. A typical 
protocol indicating yield and purification is presented in Table IT. 
Properties of DR Aldolase—The enzyme is active at pH values ranging 
between 6.0 and 8.0 without exhibiting a sharp optimum. However, the 
activity drops on the acid and alkaline side of this range. Tris(hydroxy- 
methyl)aminomethane or phosphate buffer was used for the majority of 
the experiments. With crude enzyme preparations tris buffer is distinctly 


TaBLe II 
Purification of DR Aldolase from E. coli 4157 


Fraction «Units Specific activity Yield 

| units permg. per cent 
Crude extract (from 2 gm. bacteria)........ 260,000 310 | 100 
After MnCl, treatment....................| 190,000 700 73 
After pH fractionation..................... 130,000 1,200 50 
Ammonium sulfate ppt..................... 45 ,000 17,000 17 


superior, perhaps mainly because of side reactions which can occur in the 
presence of phosphate, since both glyceraldehyde-3-phosphate and acetal- 
dehyde are diverted by phosphorylating oxidation in crude extracts. 

DR aldolase is heat-labile and is rapidly inactivated at temperatures 
above 70°. It can, however, be heated for 3 minutes at 58° with small 
loss of activity. The enzyme loses activity on storage in the ice box but 
has been preserved for over 1 year when kept frozen at —20°. 

There is no evidence for the participation of a coenzyme in the synthesis 
of desoxyribose-5-phosphate. The enzyme withstands extensive dialysis 
and can be treated with Dowex 1 Cl without appreciable loss in activity 
under conditions known to remove nucleotide coenzymes. 

Substrate Specificity—Because of the known lability of triosephosphates, 
fructose-1 ,6-diphosphate in conjunction with aldolase was used in most 
experiments as a source of glyceraldehyde-3-phosphate. In some experi- 
ments, purified triosephosphates were used. As shown in Fig. 4, dihy- 
droxyacetone phosphate was readily utilized by partially purified enzyme 
preparations, although at a significantly, slower rate than glyceraldehyde- 
3-phosphate. In the reverse reaction with desoxyribose-5-phosphate as 
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substrate, both triosephosphates are produced. Glyceraldehyde-3-phos- 
phate, measured with isomerase-free glyceraldehyde-3-phosphate dehy- 
drogenase, appears first and is therefore considered to be the primary 
enzymatic split-product. Since triosephosphate isomerase was readily de- 
tected in the partially purified enzyme preparations, the utilization of 
dihydroxyacetone is understandable. Non-phosphorylated trioses, dihy- 
droxyacetone or glyceraldehyde, did not give rise to measurable amounts 
of desoxyribose under the experimental conditions used. Free desoxy- 
ribose obtained by mild hydrolysis from desoxyguanosine was also not 
split at measurable rates. 

A number of compounds were tested in attempts to substitute for acetal- 
dehyde as substrate. With purified DR aldolase, negative results were 


GLYCERALDEHYDE PHOSPHATE 


DIHYDROXYACETONE PHOSPHATE __ 


20 40 60 80 
MINUTES 
Fic. 4. Utilization of dihydroxyacetone phosphate and glyceraldehyde-3-phos- 
phate by DR aldolase. The conditions of the experiment were as described in the 
text, except that instead of fructose-1 ,6-diphosphate either glyceraldehyde-3-phos- 
phate (1.8 um) or dihydroxyacetone phosphate (1.8 um) were added and aldolase was 
omitted. 


MG. DESOXYPENTOSE PHOSPHATE 


obtained with pyruvate, acetylphosphate, acetate plus adenosinetriphos- 
phate (ATP), alcohol, and ethyl acetate. On the other hand, crude extract 
of strain B, treated with Dowex 1 Cl (13), permitted the accumulation of 
acetaldehyde which is necessary for desoxyribose-5-phosphate synthesis. 
In a typical experiment 61 y of desoxyribose-5-phosphate were formed in 
30 minutes with alcohol as substrate, while 42 y of desoxyribose-5-phos- 
phate were formed when pyruvate was used as substrate. The control 
tube with acetaldehyde gave rise to 630 y in the same time period. 

Effect of Inhibitors on DR Aldolase—The enzyme was found to be quite 
resistant to a number of commonly used inhibitors. The following sub- 


stances were found to have no effect on the rate of desoxyribose-5-phos- | 


phate formation: sodium fluoride (10-? m), iodoacetate (10-* m), sodium 
azide (0.2 per cent), indoleacetic acid (0.1 per cent), sodium salicylate 
(0.1 per cent), ethyl alcohol (2 per cent), diphenylamine (0.1 per cent). 
Inhibition of the enzyme was observed so far with only three com- 
pounds: octyl alcohol, chloral hydrate, and propionaldehyde. Substances 


_ 
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known to interact with aldehydes were not tested extensively since they 
inhibit the reaction by removal of substrate. Hydroxylamine (0.2 mM), 
for instance, completely blocked the enzymatic formation of desoxyribose- 
5-phosphate. It cannot be stated whether it also has an inhibitory action 
on the enzyme itself. Among the active inhibitory substances chloral 
hydrate was studied in greater detail. It was found that this compound 
in concentrations which will markedly inhibit the condensation reaction 
(a final concentration of 0.5 per cent chloral hydrate produces about 50 
per cent inhibition under the conditions of the test) has little effect on the 
breakdown of desoxyribose-5-phosphate by the same enzyme. 

Coupling of Other Enzymes to DR Aldolase—As mentioned above, the 
products of the desoxyribose-5-phosphate degradation can be coupled with 
aldehyde reductases, and use of these reactions has been made for the quan- 
titative assay of the enzyme. Experiments involving dismutations of the 
end-products were also carried out. 

In Fig. 2 a typical dismutation reaction is shown with crystalline glycer- 
aldehyde-3-phosphate dehydrogenase and lactic acid dehydrogenase. On 
addition of desoxyribose-5-phosphate and DR aldolase, glyceraldehyde- 
3-phosphate and acetaldehyde were formed and oxidized by the dehy- 
drogenases and gave rise to reduced DPN. On addition of pyruvate and 
lactic dehydrogenase, rapid oxidation of reduced DPN took place. 

Acetaldehyde dehydrogenase from E. coli strain B oxidizes acetaldehyde 
to acetyl phosphate in the presence of DPN and coenzyme A (12). In the 
presence of this enzyme and its two coenzymes and DR aldolase, desoxy- 
ribose-5-phosphate was shown to give rise to acetyl phosphate. It can, 
therefore, be concluded that both split-products of desoxyribose-5-phos- 
phate can give rise to energy-rich phosphate compounds. 

Formation of Desoxyribose-5-phosphate from Ribose-5-phosphate—It has 
been shown (14) that FE. coli extracts contain an enzyme which produces 
triosephosphate from ribose-5-phosphate. A similar enzyme capable of 
splitting ribose-5-phosphate and, even more rapidly, ribulose-5-phosphate 
to triosephosphate was purified from bakers’ yeast. It does not act on 
desoxyribose-5-phosphate. In the presence of this enzyme, ribose-5-phos- 
phate, acetaldehyde, and DR aldolase, formation of desoxyribose-5-phos- 
phate took place as shown in Table III. Controls in which the yeast en- 
zyme was omitted were not entirely negative because DR aldolase from 
E. coli is contaminated with the enzyme which splits ribose-5-phosphate 
and ribulose-5-phosphate. Small amounts of this enzyme were readily 
demonstrated in partially purified DR aldolase preparations. It has be- 
come possible recently to separate the two enzymes completely during the 
purification from E. coli extracts. It should be noted that desoxyribose-5- 
phosphate was not formed in the absence of acetaldehyde, showing that 
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the split-products of ribose-phosphate are not readily convertible to acetal- 
dehyde under the experimental conditions used. 

Formation of Nucleosides from Desoxyribose-5-phosphate—It has been 
shown by Friedkin and Kalckar (15) and by Manson and Lampen (16) 
that the following reactions can be catalyzed enzymatically: 


(1) Hypoxanthine desoxyriboside + phosphate — desoxyribose-1-phosphate 
+ hypoxanthine 


(2) Desoxyribose-l-phosphate — desoxyribose-5-phosphate 


It could therefore be assumed that the addition of desoxyribose-5-phos- 
phate and hypoxanthine to the appropriate enzyme system should lead to 
nucleoside synthesis. Since the enzymes catalyzing the above series of 


Taste III 
Formation of Desoryribose-5-phosphate from Ribose-5-phosphate and Acetaldchyde 
The complete system contained the following compounds in a final volume of 1 
ml.: 20 um of ribose-5-phosphate, 50 um of acetaldehyde, 50 um of potassium phos- 
phate buffer, pH 7.2, 1.2 mg. of the yeast enzyme (see ‘‘Methods’’), and 1 mg. of a 
partially purified preparation of DR aldolase. The samples were treated as de- 
scribed in Table I. 


Complete system deproteinized at 0 time...................... | 0 


reactions are present in crude extracts of E. coli, an attempt was made to 
demonstrate nucleoside synthesis in the crude extract. After incubation 
of the enzyme-substrate mixture, samples were taken for nucleoside deter- 
mination. ‘These measurements were carried out by the methods described 
by Kalckar (17), which determine both ribose and desoxyribose nucleo- 
sides. With crude extracts considerable formation of nucleosides was ob- 
tained in the absence of added substrates, presumably by breakdown of 
endogenous nucleic acids as shown in Table IV (first column). For partial 
removal of nucleic acid a recently developed method (18) utilizing man- 
ganous chloride was found to be satisfactory. After treatment of the 
crude extract with 0.05 m manganous chloride for 10 minutes at room 
temperature and subsequent dialysis against 0.9 per cent KCl, only small 
amounts of nucleoside were formed if substrate was not added. Nucleo- 
side formation was markedly stimulated by the addition of desoxyribose-5- 
phosphate and hypoxanthine as shown in Table IV (second column). 


| 
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There was, however, considerable loss of activity after treatment with 
manganous chloride, although the specific activity (activity per mg. of 
protein) as recorded in Table IV was approximately doubled. 


Isolation and Characterization of Desoxyribose-5-phosphate 


Isolation of Enzymatically Formed Desoxyribose-5-phosphate—100 ml. of 
a mixture containing, per ml., 15 um of fructose-1,6-phosphate, 40 um 
of acetaldehyde, 50 + of crystalline aldolase, 1 mg. of purified DR aldolase, 
and 20 um of tris(hydroxymethyl)aminomethane buffer of pH 7.4 were 


TaBLe IV 


Enzymatic Formation of Desoryribose Nucleosides from Desoryribose-5-phosphate 
and Hypozanthine 

The complete system contained, per ml., the following substances: 100 um of 
tris(hydroxymethyl)aminomethane buffer, pH 7.4, 9.0 um of desoxyribose-5-phos- 
phate, 0.8 um of hypoxanthine, and 8.2 mg. of the crude £. coli extract and 2.1 mg. 
of the partially purified preparation. After incubation at 37° for 1 hour, the solu- 
tions were chilled, an equal volume of cold 10 per cent perchloric acid was added, 
rapidly centrifuged for a few minutes in the cold room, and the supernatant at once 
made alkaline to about pH 8 to 9 with 1 Nn NaOH. 0.2 ml. of the solution was used 
for determination of residual hypoxanthine with xanthine oxidase and nucleosides 
by addition of nucleosidase. 


Nucleoside 
Crude extract Purified enzyme 

per meg per me 

protein 
Desoxyribose-5-phosphate omitted...................... | 10 3.5 
Hypoxanthine + desoxyribose-5-phosphate omitted...... | 8.6 0 
Complete system deproteinized at 0 time................ | 0 0 


incubated for 2 hours at 37°. It was then deproteinized with 0.1 volume 
of 50 per cent trichloroacetic acid. To the supernatant solution an excess 
of 1 m barium acetate was added (0.1 ml. for each ml. of solution) and the 
precipitate discarded. The supernatant solution was then slowly (with 
stirring) neutralized to pH 7.2 and the precipitate discarded. To the 
supernatant solution 4 volumes of alcohol were added, and after 2 hours 
standing in the ice box the precipitate was collected by centrifugation, 
washed with alcohol and ether, and dried in vacuo. A 2 per cent solution 
of the barium salt was made by dissolving it in dilute HCl, adjusting the 
pH to 6.6, and centrifuging the insoluble residue. An equal volume of 2 N 
NaOH was added and the mixture left at room temperature for 20 minutes. 
It was carefully neutralized with 6 nw HCl to pH 7.2 and the precipitate 
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discarded. From the supernatant solution the barium salt was again pre- 
cipitated as described above. 

Preparation of Desoxyribose-5-phosphate from Other Sources—The recent 
work of Carter (19) suggests that desoxyadenylic acid obtained from en- 
zymatic hydrolysis of DNA is phosphorylated in the 5 position of the 
desoxyribose. The evidence for this is largely based on the reactions of 
desoxyadenylic acid toward specific enzymes. Bull semen 5-nucleotidase 
(20) is capable of splitting off the phosphate of desoxyadenylic acid. Ad- 
enylic acid deaminase which deaminates adenosine-5-phosphate but not 
adenosine-3-phosphate also deaminates desoxyadenylic acid. The latter 
finding was readily confirmed. It was therefore decided to attempt the 
preparation of desoxyribose-5-phosphate from desoxyadenylic acid. Be- 
cause of the known acid lability of the glycosidic linkage, it is possible to 
split off the purine by mild acid hydrolysis without appreciable liberation 
of the phosphate. A 3 per cent solution of desoxyadenylic acid was ad- 
justed to pH 2.0 with hydrochloric acid and immersed in a boiling water 
bath for 5 minutes, rapidly cooled, and neutralized. From this solution 
the barium salt was prepared as described above for the enzymatic product. 

Another preparation of desoxyribose-5-phosphate was obtained enzy- 
matically from desoxyguanosine in the presence of nucleoside phosphorylase 
according to the method of Manson and Lampen (16). 

Properties of Desoxyribose-5-phosphate—The ammonium salt of desoxy- 
ribose-5-phosphate was prepared by adding an equivalent of ammonium 
sulfate to the barium salt and removing the barium sulfate by centrifuga- 
tion. The compound obtained enzymatically gave a positive diphenyl- 
amine (4) and cysteine (21) reaction. The curves of the absorption spectra 
of the colors obtained by these reactions were found to be identical with 
those given by the compound obtained from desoxyadenylic acid. 

The ammonium salt of desoxyribose-5-phosphate was chromatographed 
on paper with a solvent containing 80 ml. of ethyl alcohol, 18 ml. of water, 
and 2 ml. of glacial acetic acid. Whatman filter paper No. 1 and ascending 
chromatography were used. After drying, the paper was cut into 2 cm. 
strips and each of these was extracted three times with 2 ml. of water. 
Quantitative determinations were carried out on the washings with the 
diphenylamine reagent. An Ry, value of 0.47 was obtained under the 
above conditions for desoxyribose-5-phosphate from all three sources. For 
qualitative localization the phenylenediamine reaction was used (22). 

For phosphate analysis a sample of enzymatically synthesized desoxy- 
ribose-5-phosphate was obtained from a large scale paper chromatogram. 
The eluted compound contained 1 mole of organically bound phosphate 
per mole of desoxyribose as determined by the colorimetric tests. 

The phosphate linkage showed considerable stability toward alkali. 
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Contaminating alkali-labile triosephosphates could therefore be destroyed 
in the crude preparations by incubating the mixtures for 20 minutes in 1 N 
NaOH at room temperature. On the other hand, the compound exhibited 
a somewhat unexpected lability toward acids. In 1 nN HCl at 100° most 
of the phosphate was split off in 20 minutes as shown in Fig. 5. This 
lability is considerably greater than that of the corresponding ribose-5- 
phosphate but does not approach the lability of desoxyribose-1-phosphate 
(15). 


PER CENT HYDROLYSIS 


fe} 
0 10 20 300 40 


MINUTES 

Fic. 5. Hydrolysis curves for desoxyribose-5-phosphate. Samples containing 0.75 
um of desoxyribose-5-phosphate in 1 x HCl were placed in a boiling water bath and 
removed after various periods of time indicated, neutralized with an equal volume 
of 1 n KOH, and analyzed for inorganic phosphate (26). For measuring enzymatic 
hydrolysis, a mixture containing, per ml., 6 um of desoxypentose phosphate, 500 um 
of tris buffer, pH 8.5, 20 um of MgCl, and 4 mg. of intestinal phosphatase (Armour) 
was incubated at 37° and 0.1 ml. samples removed at intervals, deproteinized with 
5 per cent trichloroacetic acid, and assayed for inorganic phosphate. 


Desoxyribose-5-phosphate was readily dephosphorylated by intestinal 
phosphatase preparations (Fig. 5) but was found to be only very slowly 
dephosphorylated by the specific nucleotidase from bull semen (20) which 
has been shown to dephosphorylate desoxyadenylic acid (19). 

After dephosphorylation of the enzymatically formed desoxyribose-5- 
phosphate with intestinal phosphatase, free desoxyribose is liberated. The 
free sugar was compared by paper chromatography with desoxyribose 
obtained from desoxyadenylic acid and from desoxyguanosine by enzy- 
matic and mild acid hydrolysis. With butyl alcohol-acetic acid as solvent, 
an Rp value of 0.44 was obtained for all three samples. 

The preparations of desoxyribose-5-phosphate from either desoxyade- 
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nylic acid or desoxyguanosine were degraded by purified DR aldolase with 
the formation of acetaldehyde and triosephosphate. 


DISCUSSION 


The aldol condensation between glyceraldehyde-3-phosphate and acetal- 
dehyde would be expected to lead to a desoxypentose which is phos- 
phorylated in the 5 position. From the experiments described above, it 
may be concluded that the enzymatically catalyzed condensation product 
between acetaldehyde and glyceraldehyde-3-phosphate behaves like des- 
oxyribose-5-phosphate obtained from other sources in colorimetric tests 
and paper chromatography. It shows the same acid lability and is equally 
susceptible to the action of alkaline phosphatase. The free pentose liber- 
ated by phosphatase gives an Ry value which is identical with that of 2- 
desoxyribose. By oxidation with periodic acid it has been shown (16) 
that desoxyribose-5-phosphate obtained from nucleosides most likely con- 
tains the phosphate in the 5 position. Desoxyadenylic acid, obtained by 
enzymatic hydrolysis of DNA, is dephosphorylated and deaminated by 
purified enzymes known to show a high degree of specificity for adenosine- 
5-phosphoric acid and is therefore considered to be desoxyadenosine-5- 
phosphate (19). Desoxyribose-5-phosphate obtained from desoxyguano- 
sine or from desoxyadenylic acid is split by DR aldolase. It can therefore 
be concluded that the enzyme catalyzes the reversible aldol condensation 
described in the introduction. 

The only substrates which have been found to condense through the 
action of the enzyme are acetaldehyde and glyceraldehyde-3-phosphate. 
Since triosephosphate isomerase is present in the purified preparation, 
dihydroxyacetone phosphate can also be utilized, though at a slower rate. 
The enzyme which catalyzes the breakdown of desoxyribose-5-phosphate 
is distinct from the aldolase which splits fructose-1 ,6-diphosphate and 
from the enzymes which catalyze the breakdown of ribose-5-phosphate. 
Enzymatically synthesized desoxyribose-5-phosphate can be utilized for 
nucleoside formation. This reaction may be in the normal pathway of 
nucleic acid synthesis, but it is conceivable that desoxyribose-5-phosphate 
enters into nucleotides and nucleic acids without losing or exchanging the 
phosphate at the 5 position, a hypothesis which is subject to experimental 
verification. The finding of a low affinity of DR aldolase for acetalde- 
hyde, a compound unlikely to accumulate in high concentrations within 
the cell, suggests the possibility that acetaldehyde may not be the natural 
substrate for this enzyme. That other aldehydes can react with the en- 
zyme is indicated by their inhibitory action on desoxyribose-5-phosphate 
synthesis. If an aldehyde linked to a purine or purine precursor could 
condense with glyceraldehyde-3-phosphate, a direct synthesis of nucleo- 
tides could be accomplished. 
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Finally it may be pointed out that the degradation products of desoxy- 
ribose-5-phosphate, glyceraldehyde-3-phosphate and acetaldehyde, can be 
oxidized and can yield energy-rich phosphate. Thus DNA, another of 
the intracellular high molecular substances, can be regarded as a potential 
source of energy in the cell. 


Materials, Methods, and Preparations of Auxiliary Enzymes 

Reagents—F ructose-1 ,6-diphosphate, adenosine-5-phosphate, and hypo- 
xanthine were obtained from the Schwarz Laboratories. Acetaldehyde 
(Eastman Organic Chemicals) was kept as a 50 per cent solution frozen in 
a dry ice box at —70°. Samples diluted from this stock solution were 
assayed for acetaldehyde content with aldehyde dehydrogenase (7). DPN 
of 60 to 80 per cent purity was prepared by an unpublished method of 
Ochoa and assayed as described previously (8). Reduced DPN was pre- 
pared according to Ohlmeyer (23), or enzymatically with alcohol dehy- 
drogenase and alcohol at pH 10. 

Desoxyguanosine was obtained from the P. A. Levene collection by the 
courtesy of Dr. R. D. Hotchkiss. A sample of desoxyhypoxanthine was 
sent to us by Dr. L. A. Manson. 

Generous gifts of desoxyadenylic acid were received from Dr. G. C. 
Butler and Dr. W. E. Cohn. 

Ribose-5-phosphate was prepared by boiling adenosine-5-phosphate for 
10 minutes in 1 N HCl, removal of insoluble barium salts, and precipitation 
of the barium salt of ribose-5-phosphate with 4 volumes of ethyl alcohol. 

Glyceraldehyde-3-phosphate was prepared according to Meyerhof (24) 
and stored in a desiccator in the ice box for several months. Over 80 per 
cent of the total triosephosphate was glyceraldehyde-3-phosphate. Dihy- 
droxyacetone phosphate was prepared according to Kiessling (25) with a 
commercial preparation of dihydroxyacetone (Eastern Chemical Company) 
as starting material. 

Ribulose-5-phosphate was kindly supplied by Dr. B. L. Horecker. 

Colorimetric Determination of Desoxyribose-5-phosphate with Diphenyl- 
amine Reaction of Dische'— 


Reagents— 

Diphenylamine recrystallized from hot 70 per cent alcohol until com- 
pletely colorless. 

Glacial acetic acid, Baker’s Analyzed (special grade used for shellac 
analysis). 


‘The modification of the original method (4) which is described here is based on 
& personal communication by Dr. Z. Dische. The use of a dichromatic spectrophoto- 
metric method is essential for accuracy because hexose diphosphate metabolically 
gives rise to interfering substances which react with diphenylamine to produce a 
green color. 
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Diphenylamine reagent. 4 gm. of diphenylamine are dissolved in 400 
ml. of glacial acetic acid; then 11 ml. of concentrated sulfuric acid are 
added. This reagent can be kept in the ice box for several months. It is 
brought to room temperature before use. 

Procedure—To 1 ml. of a deproteinized sample 2 ml. of the diphenyl- 
amine reagent are added and immersed in a boiling water bath for 10 min- 
utes. After cooling, the blue color is read in a Beckman spectrophotometer 
at the wave-lengths of 610 and 650 my. The values at 650 my are sub- 
tracted from the values at 610 my and desoxypentose content is calculated 
from a standard curve. Standard 610 minus 650 values were obtained 
with authentic samples of desoxyribose compounds. 

Colorimetric Determination of Desoxyribose-5-phosphate with Cysteine Re- 
action of Dische (21)—This reaction was carried out according to the modi- 
fication of Stumpf (21). In the presence of acetaldehyde, the pink color 
obtained by this method is changed into a yellowish green. After first 
boiling off the acetaldehyde, the characteristic pink color can be obtained. 
Determination of inorganic and organic phosphate was carried out accord- 
ing to Lohmann and Jendrassik (26). Determinations of protein concen- 
trations were made spectrophotometrically (27) in the case of animal 
tissues, and by the quantitative biuret reaction (28) in case of bacterial 
and yeast enzymes. 

Determination of Ribose-5-phosphate-Splitting Activity—The activity 
measurements of this enzyme were carried out by the same method used 
for DR aldolase, except that 0.1 ml. of a 0.1 mM solution of ribose-5-phos- 
phate or ribulose-5-phosphate was used as substrate. 

Preparation of Auxiliary Enzymes—Alcohol dehydrogenase was prepared 
from bakers’ yeast as described previously (8). 

a-Glycerophosphate Dehydrogenase—A partially purified enzyme from rab- 
bit muscle was prepared as follows: The alkaline extracts were obtained as 
described by Cori et al. (6) for the isolation of glyceraldehyde-3-phosphate 
dehydrogenase. Crystalline aldolase was removed at 52 per cent am- 
monium sulfate saturation and to the supernatant solution solid ammo- 
nium sulfate was added to 72 per cent saturation. The mixture was 
filtered and the fraction obtained between 52 and 72 per cent saturation 
was collected as a paste. The paste obtained from about 500 gm. of rabbit 
muscle was extracted twice with 100 ml. of 60 per cent saturated ammonium 
sulfate, and to the combined extracts solid ammonium sulfate was added 
to obtain 70 per cent saturation. This precipitate was collected and used 
as a source of a-glycerophosphate dehydrogenase. 

Glyceraldehyde-3-phosphate dehydrogenase was prepared from rabbit mus- 
cle (6) and recrystallized five to seven times to remove a-glycerophosphate 
dehydrogenase and triosephosphate isomerase. 
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Crystalline aldolase was prepared according to Taylor et al. (5). Seven 
or eight recrystallizations from dilute solutions were required to remove 
most of the triosephosphate isomerase which contaminates the crystalline 
preparations. 

Aldehyde dehydrogenase from liver was prepared as described previously 
(7). For dialysis of this enzyme it was found necessary to add 0.005 
cysteine to the dialyzing fluid. Cysteine protected the enzyme which 
otherwise lost nearly all activity during dialysis. 

Aldehyde dehydrogenase from extracts obtained by sonic vibration of 
E. coli strain B was fractionated with ammonium sulfate. Between 33 
and 50 per cent saturation the dehydrogenase was precipitated. This 
fraction contained enough transacetylase to catalyze acetyl phosphate 
formation. 

Lactic acid dehydrogenase was prepared from rabbit muscle as a by- 
product of triosephosphate dehydrogenase and aldolase preparations. The 
paste obtained between 52 to 72 per cent saturation which had been stored 
in the ice box for several months was dissolved in water and a solution 
containing approximately 30 mg. of protein per ml. is reprecipitated at 
55 per cent saturation of ammonium sulfate. The precipitate is redis- 
solved, heated for 3 minutes at 58°, and from the supernatant the en- 
zyme crystallizes slowly after addition of ammonium sulfate to turbidity. 

Preparation of Nucleosidase and Xanthine Oxidase—Nucleosidase was 
prepared from rat liver (17), dialyzed against distilled water, and stored 
at —20°. Xanthine oxidase was prepared by the method of Ball (29) 
and refractionated with ammonium sulfate (17). The enzyme was stored 
in 50 per cent saturated ammonium sulfate in the ice box. With the aid 
of these enzymes hypoxanthine and nucleosides were determined spectro- 
photometrically (17) with hypoxanthine desoxyriboside and desoxyguano- 
sine as standards. 

Intestinal phosphatase was kindly donated by Dr. L. L. Lachat of Ar- 
mour and Company and purified bull semen nucleotidase by Dr. L. A. 
Heppel. 

Ribose-5-phosphate-Splitting System—Enzyme preparations capable of 
splitting ribose-5-phosphate to triosephosphate have been obtained from 
E. coli (14). Since these preparations are contaminated with DR aldolase, 
a purification procedure was developed by using yeast maceration juice 
as starting material. 

Preparation of Yeast Enzyme—The initial steps in the purification of 
the ribose-5-phosphate-splitting system were identical with the prepara- 
tion of glyoxalase I (30). The alcohol precipitation described in Steps 
3, 5, and 7 was carried out, the heating procedures of Steps 4, 6, and 8 
being omitted. The final alcohol precipitate was then dialyzed against 
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distilled water for 3 hours with continuous mechanical stirring. For each 
10 ml. of the solution obtained, 3 gm. of solid ammonium sulfate were 
added and the precipitate discarded. To the supernatant solution an ad- 
ditional 1.5 gm. of ammonium sulfate per 10 ml. were added and the pre- 
cipitate collected, suspended in water, and dialyzed as above. The so- 
lution was kept frozen in 0.02 m phosphate buffer at pH 7.4. These 
preparations are fairly stable and can be stored frozen for several months 
with only slight loss in activity. This stands in contrast to similar prep- 
arations of the ribose-5-phosphate enzyme system from rabbit liver which 
were partially purified and found to be unstable even when kept frozen. 


SUMMARY 


1. A pathway for the biosynthesis of desoxyribose-5-phosphate from 
acetaldehyde and glyceraldehyde-3-phosphate is described. The enzyme 
DR aldolase, which catalyzes the reversible aldol condensation, has been 
purified from £. coli extracts and its properties are described. 

2. The enzymatically formed desoxyribose-5-phosphate can be utilized 
by crude bacterial extracts for the formation of nucleosides. 

3. Desoxyribose-5-phosphate can be formed from ribose-5-phosphate in 
the presence of acetaldehyde and partially purified enzymes. 

4. The product of the enzymatically catalyzed condensation has been 
isolated and its properties described. 
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16-SUBSTITUTED STEROIDS 


VII. THE PREPARATION OF 2-HYDROXYMETHYLPOLYHYDRO- 
PHENANTHRYL-1-ACETIC ACID LACTONES FROM 16-KETO-17- 
HYDROXYSTEROIDS* 


By MAX N. HUFFMAN,t MARY HARRIET LOTT,t ann JAMES ASHMORE$ 
(From the Department of Biochemistry, Southwestern Medical College, Dallas, Texas) 


(Received for publication, November 29, 1951) 


In 1942 Westerfeld (1) submitted estrone to oxidation with hydrogen 
peroxide in an alkaline medium and obtained unexpectedly a ring D lac- 
tone to which he ascribed the structure I. This compound (I) had one- 
fourteenth the estrogenic activity of estrone when assayed in the spayed 
mouse. Westerfeld’s lactone has been the subject of considerable bio- 
logical interest since 1944, when Smith (2) made the claim that this steroid 
oxidation product stimulates the pituitary of the rat to a degree not attribu- 
table to its slight estrogenic potency. 

Jacobsen and coworkers further pursued the study of the preparation of 
steroidal ring D lactones, using an acid medium for hydrogen peroxide 
oxidation. Jacobsen (3) thus obtained from estrone acetate by oxidation 
with hydrogen peroxide in acetic acid a ring D lactone in a state of high 
purity. ‘To this compound he gave the name estrololactone, and he seri- 
ously questioned the identity of his estrololactone with Westerfeld’s lactone 
because of the wide discrepancy in biological properties. Jacobsen did not 
assign a structure to estrololactone nor to the other similar lactones pre- 
pared from equilenin and from members of the androgen series (4, 5). 

In the course of our research directed at the structural determination 
of steroidal 16 ,17-ketols (prepared by the Stodola reduction of 16-oximino- 
17-ketosteroids), it became apparent that we could synthesize a series of 
steroidal ring D lactones of unambiguous structure. We thought that 
such a series might be of value for the comparison of chemical and bio- 
logical properties with those of previously prepared lactones. 

We had earlier found that oxidation of a 16-keto-17-hydroxysteroid by 
lead tetraacetate in aqueous acetic acid cleaved the steroid in ring D with 
rupture between carbon atoms 16 and 17, the original carbinol function 
giving rise to an aldehyde and the carbonyl] function to a carboxylic acid 

* A preliminary report of the material in this paper has appeared (the authors, 
J. Am. Chem. Soc., 70, 4268 (1948)). 

a — address, Oklahoma Medical Research Foundation, Oklahoma City, 


$ Present address, Department of Biochemistry, St. Louis University School of 
Medicine, St. Louis, Missouri. 
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(6). This course of reaction was in accordance with the pioneer findings 
of Baer (7) in regard to the lead tetraacetate oxidation of vicinal ketols 
in aqueous acetic acid medium. 

Aldehyde acids resulting from the lead tetraacetate oxidation of 16-keto- 
17-hydroxysteroids may be easily reduced to the hydroxy acids by using 


of 


hydrogen and Raney nickel or hydrogen and Adams’ catalyst (plus ferrous 
ion according to Carothers and Adams (8)). These é-hydroxy acids readily | 
lactonize to give the 6-lactones in which Cy, of the original steroid is in | 
the highest state of oxidation. Thus, estradiolone methyl ether (II) is 
oxidized to the aldehyde acid (III) (6); this is in turn reduced to the ) 
hydroxy acid (IV), which readily lactonizes to give the lactone (Va). 
Upon deetherification with hydriodic acid the phenolic lactone (Vb) is 
obtained. Similarly, androstenediolone (VI) (9) is oxidized to the alde- 
hyde acid (VII), which is in turn reduced to the hydroxy acid (VIII), 
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this latter material being readily converted to the lactone (IX). Oppen- 
auer oxidation of the lactone (IX) from dehydroisoandrosterone produces 
the lactone (X), corresponding to testosterone. By the same set of reac- 
tions the lactone (XIV), corresponding to isoandrosterone, is obtained from 
XI, and the lactone (XVIII), corresponding to androsterone, is obtained 
from XV. 

It is to be noted that von Seemann and Grant (10) have prepared from 
dehydroisoandrosterone a lactone which is possibly identical with our com- 
pound IX. Hershberg, Schwenk, and Stahl (11) have prepared from de- 
hydroisoandrosterone the lactone to which they assigned structure XIX. 

It is known with certainty that the series of lactones prepared by Jacob- 
sen and coworkers is different from that reported by the present authors. 
A mixed melting point test performed with Jacobsen’s estrololactone methyl 
ether and the corresponding lactone (Va) in our series gave a depression 
of some 30°. It is hardly likely that Westerfeld’s lactone could be iden- 
tical with our phenolic lactone prepared from estrone, in view of the wide 
differences in their melting points and solubilities. 


EXPERIMENTAL! 


Lactone®? of ,2,3 ,4,9,10,11B,- 
12a-octahydrophenanthryl-1B-acetic Acid (Va)—To 395 mg. of 3-methoxy- 
17-hydroxy-16-keto-A': *: *-estratriene (m.p. 162—164°) (II) (12) were added 
23.1 ml. of 0.057 lead tetraacetate in acetic acid, the oxidant being rinsed 
down with 3 to 4 ml. of acetic acid. The mixture was swirled until the 
steroid had completely dissolved, and then 2 ml. of water were mixed in. 
The reaction mixture was then swirled for several minutes and left in the 
dark for 24 hours, after which it was diluted with 200 ml. of water and 
placed at 5°. After the supernatant fluid had cleared of turbidity, the 
white crystals were filtered, washed copiously with water, redissolved in 
methanol-acetic acid (15:2), and finally reprecipitated with water. After 
2 days in the ice box the 7-methylmarrianolic acid hemialdehyde (tertiary) 
(III) (6) was filtered, washed copiously with water, and allowed to dry 
at room temperature; yield 356 mg. 

The 356 mg. of material from the preceding experiment were dissolved 
in 70 ml. of 95 per cent ethanol and treated with 11.0 ml. of 0.100 ~ sodium 
hydroxide, which placed the pH of the solution between 6 and 7. At once 


‘ All melting points recorded are uncorrected. This research was done at a time 
when a suitable polarimeter was not available to us. 

* We have named the cleaved steroids as derivatives of phenanthrene. For rigor- 
ous nomenclature the terms a and 8 are employed to designate steric position for 
all substituents except hydrogen; hydrogen is designated sterically when it is critical 
to the structural configuration of the molecule. The terms a and 8 have the same 
meaning that they have in steroid nomenclature. 
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0.18 gm. of Adams’ catalyst, followed by 19 ml. of water plus 0.50 ml. of 
0.2 m ferrous chloride (freshly prepared), was added, and the mixture 
shaken under 25 pounds of hydrogen for 4 hours. The reaction mixture 
was filtered from the catalyst and the latter rinsed with ethanol and 160 
ml. of 0.5 nN sodium hydroxide. The resulting filtrate was mixed well, 
left at room temperature overnight, then partitioned between water and 
ethyl ether. Acidification of the separated alkaline phase (with 4 ml. of 
concentrated sulfuric acid in 100 ml. of water) produced a precipitate 
which was taken up in ethyl ether, and the ether was washed several times 
with water. After the addition of benzene (100 ml.) and pyridine (3 drops), 
the ethereal phase was evaporated to give a white crystalline residue with 
only a touch of color. This material was recrystallized from isopropy] 
alcohol to give 249 mg. of needles melting at 174.5-176°. A second crys- 
tallization from isopropyl alcohol (with 12 per cent loss) gave long silky 
needles melting at 176-177° (Va). 


CisH2O;. Calculated. C 75.97, H 8.05 
Found. (a) “ 75.85, “ 8.03; (6) C 75.96, H 7.96 


A mixed melting point with this lactone and the estrololactone methyl 
ether (m.p. 172.5-174°) (3) of Dr. Jacobsen® gave a depression of some 30°. 

Deetherification of ,2 ,3 ,10,- 
118 ,12a-oclahydrophenanthryl-1B-acelic Acid Lactone—130 mg. of lactone 
(Va) (m.p. 174.5-176°) were dissolved in 4 ml. of acetic acid by warming, 
and 4 ml. of freshly distilled hydriodic acid (sp. gr. 1.7) were added. ‘The 
mixture was refluxed over a free flame for exactly 5 minutes and then at 
once diluted with 100 ml. of cold 10 per cent sodium bisulfite. After a 
day in the ice box the precipitated steroid was filtered, washed well with 
water, and redissolved in 2 per cent sodium hydroxide (1 per cent in 
Na.SO;). After 5 hours the alkaline solution was filtered from a slight 
amount of insoluble matter, diluted further with water, acidified strongly 
with sulfuric acid, and then extracted with ethyl ether. The ethereal phase 
was washed several times with water and, after the addition of benzene 
(100 ml.) and pyridine (0.5 ml.), evaporated. The resulting residue was 
recrystallized twice from isopropyl] alcohol to give 64 mg. of tiny needles 
decomposing at 285-287° and a brown ring subliming up the capillary 
tube (Vb). 

This decomposition point could not be improved by subsequent re- 
crystallization. 

CisH2,0;. Calculated. C 75.49, H 7.75 
Found. (a) “* 75.37, “‘ 7.75; (6) C 75.48, H 7.69 


* Kindly supplied to us by Dr. R. P. Jacobsen. 


— 
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Lactone of 78-H ydroxy-28 ,138-dimethyl-2a-hydrorymethyl-1 ,2 ,3 ,4 ,5 ,6 ,- 
7,8,'10, 118 , 12a, 13-dodecahydrophenanthryl-1B-acetic Acid (1X)—30 ml. 
of 0.0723 m lead tetraacetate in acetic acid were added to 0.60 gm. of 
38 , 17-dihydroxy-16-keto-A*-androstene (m.p. 197-199.5°) (VI) (9, 6), 
whereupon the steroid quickly dissolved. Then 6 ml. of 50 per cent acetic 
acid were added and the reaction mixture was swirled continuously for 
30 minutes, after which the excess tetravalent lead was destroyed with 
200 ml. of 1 per cent ethylene glycol. Water to make 450 ml. of solution 
was then mixed in, and the steroid allowed to crystallize slowly in the ice 
box during several days. There was finally obtained 0.58 gm. of product 
(VII). 

Of the androstenediolone cleavage product described in the preceding 
paragraph, 437 mg. were dissolved in 50 ml. of 95 per cent ethanol and, 
after the addition of Raney nickel catalyst, shaken for 4 hours under hy- 
drogen at 20 pounds pressure. The catalyst was filtered and rinsed well 
with ethanol. To the filtrate were added 50 ml. of 4 per cent sodium 
hydroxide, and the resulting alkaline solution was distilled until the bulk 
of the organic solvent had been removed. After standing overnight, the 
sodium hydroxide solution was diluted with several volumes of water, and 
the slight amount of steroid which precipitated was removed with ethyl 
ether and discarded. The aqueous alkaline phase was then strongly acidi- 
fied with sulfuric acid and shaken with ethyl ether continuously for 30 
minutes, after which the ethereal phase was separdted and washed with 
3 per cent sodium bicarbonate and water. Evaporation of the ether gave 
a residue of long white needles which were recrystallized from aqueous 
methanol (containing 1 drop of sulfuric acid) to give 233 mg. of material 
(IX) melting unsharply at 192-196°. Recrystallization from acetone- 
cyclohexane and from aqueous isopropyl alcohol gave 127 mg. of flat 
needles melting sharply at 205.5-206.5°. Apparently the lactone, from 
analysis, contains 1 molecule of water of crystallization. 

CisyH»O,-H,O. Caleulated. C 70.77, H 9.38 


Found. (a) “‘ 70.82, “* 9.41; (6) C 70.73, H 9.34 
(CysH sO . Calculated. ‘‘ 74.96, 9.27) 


Oppenauer Oxidation of 78-Hydrory-28 ,138-dimethyl-2a-hydrorymethyl- 
1,2,3,4,5,6,7,8,10,11B, 12a, 13-dodecahydrophenanthryl-1B-acelic Acid 
To 220 mg. of pure lactone (IX) were added 0.50 gm. of alumi- 

num (fert-butoxide, 5.0 gm. of dry acetone, and 20.5 ml. of dry benzene. 
The mixture was refluxed mildly (with good moisture protection) for 18 
hours, cooled, and then distributed between dilute sulfuric acid and ethyl 
ether. The separated ethereal phase was washed again with dilute sulfuric 
acid, with 3 per cent sodium bicarbonate, and washed well with water. 
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Evaporation of the ether gave a crystalline residue which was recrystallized 
once from isopropy! alcohol and once from 95 per cent ethanol to give 35 
mg. of large flat needles melting at 191—192° (X). 
CygH 2603. Calculated. C 75.46, H 8.67 
Found. (a) “ 75.27, “* 8.65; (6) C 75.22, H 8.75 

This compound showed an absorption maximum‘ in the ultraviolet at 
239 my with « = 17,000 (solvent, ethanol). 

Lactone of 78-Hydroxy-28 ,138-dimethyl-2a-hydroxymethyl-1 ,2 ,3 ,6,- 


7 ,8,9,10,11B Acid (XIV) 
—To 221 mg. of crude isoandrostanediolone (XI) (6) were added 9.5 ml. 
of 0.084 m lead tetraacetate in acetic acid, and, as soon as the steroid had 
dissolved, the solution was treated with 2.5 ml. of 50 per cent acetic acid. 
The oxidizing mixture was swirled for 30 minutes and the excess tetravalent 
lead then reduced with 100 ml. of 1 per cent ethylene glycol, and further 
diluted with 50 ml. of water. The yield of the well washed and air-dried 
cleavage product was 192 mg. (XII). 

191 mg. of the cleavage product described in the preceding paragraph 
were dissolved in 35 ml. of 95 per cent ethanol and the pH adjusted be- 
tween 6 and 7 with 0.1 nN sodium hydroxide. Then were added 0.10 gm. 


“The ultraviolet absorption spectrum of this compound was obtained through 
the kindness of Dr. O. Winstersteiner. 
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of Adams’ catalyst, 0.25 ml. of freshly prepared 0.2 m ferrous chloride, and 
water to make 50 ml. of solution. This mixture was shaken under 25 to 
30 pounds pressure of hydrogen for 4 hours, after which the catalyst was 
filtered by the use of 25 ml. of ethanol and 200 ml. of 2 per cent sodium 
hydroxide in rinsing. The filtrate was mixed well and left 24 hours to 
saponify. It was then distributed between water and ethyl ether. The 
separated aqueous phase was then strongly acidified with sulfuric acid and 
allowed to stand for 30 minutes with frequent shakings. The precipitated 
lactone was extracted with ethyl ether, and the ethereal phase washed 
successively with water, 5 per cent sodium bicarbonate, and water. Evapo- 
ration of the ether gave a crystalline residue which was recrystallized twice 
from aqueous isopropyl alcohol to give 84 mg. of long slender needles 
melting at 199-200°. Two recrystallizations from acetone-cyclohexane 
raised this melting point to a very sharp 201° (59 mg.) (XIV). 
CisH309;. Calculated. C 74.47, H 9.87 
Found. (a) “* 74.45, “* 9.74; (b) C 74.61, H 9.83 


Lactone of 7a-Hydrory-28 , 138-dimethyl-2a-hydroxymethyl-1,2,3,4, 
5,6,7,8,9,10,11B, 12a, 13, Acid 
(XVIIT)—As only a small amount of androsterone’ was at this time avail- 
able to us, we submitted 208 mg. (m.p. 179-180°) to nitrosation, followed 
by zinc-acetic acid reduction by the usual procedures; the yield of crude 
3a, 17-dihydroxy-16-ketoandrostane was 131 mg. (XV). This material was 
dissolved at room temperature in 7.9 ml. of 0.0598 m lead tetraacetate in 
acetic acid, and then treated with 2 ml. of 50 per cent acetic acid. After 
the oxidizing medium had been swirled for 30 minutes, 75 ml. of 1 per cent 
ethylene glycol were added. Since no crystallization of cleavage product 
had taken place at 5° during 24 hours, the opalescent solution was decanted 
from a slight amount of gummy material and extracted with ethy] ether. 
The separated ethereal phase was washed with water and evaporated in 
vacuo at 30°. The resulting oil (XVI) was carefully dried in vacuo over 
sulfuric acid and potassium hydroxide, after which it was dissolved in 
35 ml. of 95 per cent ethanol and the pH adjusted to a value between 6 
and 7 with 0.1 nN sodium hydroxide. Then 0.18 gm. of Adams’ catalyst, 
0.25 ml. of freshly prepared 0.2 m ferrous chloride, and 12 ml. of water 
were added, and the mixture was shaken under 25 pounds pressure of 
hydrogen for 4 hours. The catalyst was filtered and the filtrate treated 
with 140 ml. of 2 per cent sodium hydroxide and, after 2 hours at room 
temperature, extracted with ethyl ether. The separated alkaline phase 
was strongly acidified with sulfuric acid and shaken with ethy! ether con- 
tinuously for 5 minutes. After the separated ethereal phase had been 


* We are indebted to Dr. E. E. Hays for this androsterone. 
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shaken well with 2 per cent sodium bicarbonate and with water, careful 
evaporation gave 53 mg. of crystalline lactone. This was recrystallized 
once from acetone-Skellysolve B and once from isopropyl! alcohol to give 
30 mg. of product melting at 228.5-229.5° (XVIII). 


CisH30O;. Calculated. C 74.47, H 9.87 
Found. (a) “ 74.40, “ 9.91; (6) C 74.32, H 9.84 


SUMMARY 


The detailed description of the preparation of 2-iydroxymethylpolyhy- 
drophenanthryl-l-acetic acid lactones from 16-keto-17-hydroxysteroids is 
presented. 


The authors wish to express their indebtedness to G. D. Searle and Com- 
pany for financial support of this research. Microanalyses were performed 
by Dr. E. W. D. Huffman, Denver. 
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The catalytic réle of thiaminoproteins in intermediary carbohydrate 
metabolism has long been recognized. Although numerous theories have 
been advanced to explain the chemical mechanism by which the diphos- 
phothiamine (DPT) moiety of thiaminoproteins contributes to the catalytic 
properties of these enzymes, the modus operandi of DPT has remained 
unsolved. Perhaps the main reason for this has been the unavailability 
of DPT enzymes in a sufficiently purified state to permit extensive in- 
vestigative use. Among the known DPT enzymes the a-carboxylase of 
yeast has received the most attention. It has been partially purified by 
two groups of investigators (3, 4), but the enzyme does not lend itself 
readily to isolation in the highly purified state (3). 

Since the discovery of a-carboxylase in yeast by Neuberg and Karczag 
(5), a-carboxylases have been found in a variety of other plants (6-10). 
The a-carboxylase of wheat germ was first described by Bartlett (11), 
who found it to be highly active and very stable. 

The present report is an account of the purification and properties of 
this enzyme from wheat germ. The enzyme can be prepared in a highly 
purified state by a relatively simple procedure, and the final product is 
considerably more active than the best preparations obtained from yeast. 
A succeeding paper (12) deals with the mechanism of acetoin synthesis by 
this a-carboxylase and the function of DPT in the active center of the 


enzyme. 
Materials and Methods 


The source material of the enzyme was a low starch, unheated wheat 
germ, type S-50, obtained from General Mills, Inc. Na pyruvate, a- 
ketoglutaric acid, thiamine, and DPT were obtained from the Nutritional 
Biochemicals Corporation. Li a-ketobutyrate was a gift of Dr. E. Juni 


* This research was supported by grants from The National Vitamin Foundation, 
Inc., the Division of Research Grants and Fellowships, National Institutes of Health, 
United States Public Health Service, and the Williams-Waterman Fund of the Re- 
search Corporation. Preliminary reports of this work have been published (1, 2). 

t Present address, Department of Pure Research, Leo N. Levi Memorial Hospital, 
Hot Springs, Arkansas. 
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of the Department of Microbiology. Bovine serum albumin, Fraction V, 
and crystallized bovine serum albumin were products of Armour and 
Company. Acetaldehyde and propionaldehyde (Eastman) were redist illed 
immediately before use. 

Protein Determination—Protein concentration was estimated by light 
absorption at 280 my in the Beckman spectrophotometer at pH 7 in 1 em. 
cells. The relation between dry weight and light absorption at 280 my 
(Deso) was determined at various stages of purification. 
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.O5 15 
ML. ENZYME 
Fig. 1. Relation of enzyme concentration to apparent CO; evolution. Standard 
assay conditions. The enzyme was an ethanol-fractionated preparation, activity 
ratio = 430, containing 1.49 mg. of protein per ml. The circles are experimental 
points; the straight line is the extrapolated activity to which observed activity is 
corrected. For explanations see the text. 


Assay of Enzyme—Enzyme activity was determined by CO; evolution 
in & standard Warburg apparatus for 5 minutes at 30°. The reaction 
mixture contained, in a total volume of 3.0 ml., the enzyme, 1 ml. of 0.2 
M succinate, pH 6, 0.6 ml. of a saturated aqueous solution of dimedon at 
pH 6, 0.1 ml. of 5.8 X 10m DPT (= 30 7), 1 mg. of bovine serum al- 
bumin, Fraction V, and 0.1 ml. of 0.01 m MgSO,, and 0.2 ml. of 0.5 m 
Na pyruvate. The dimedon and the serum albumin serve to trap most 
of the acetaldehyde liberated in the reaction, the accumulation of which 
strongly inhibits further decarboxylation of pyruvate. When the enzyme 
activity exceeds 50 yl. of CO, per 5 minutes, the observed CO, evolution 
is no longer proportional to the enzyme concentration, even in the presence 
of aldehyde fixatives, and a correction factor has to be introduced, as 
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illustrated in Fig. 1. This correction curve, obtained with a purified en- 
zyme preparation, holds true throughout the purification procedure and 
is accurately reproducible at every stage thereof. When experimental 
values in excess of 50 yl. of CO, per 5 minutes are obtained, the value is 
corrected by taking the corresponding figure from the extrapolated line. 
Thus, in Fig. 1, as indicated by the arrow, 74 ul. of apparent activity cor- 
respond to 80 ul. of corrected activity. Unless otherwise noted, all ac- 
tivities in this paper are corrected in this way. Generally, however, the 
amount of enzyme in the vessel has been chosen so as to give 50 to 80 
gl. of apparent CO, evolution. 

The degree of purification was ascertained by the activity ratio, which 
is defined as units of enzyme per mg. of protein when 1 unit = 1 ul. of 
CO, per 5 minutes under standard conditions. 

Results 
Purification Procedure 

1. Acetone Powder—1 kilo of wheat germ is defatted with 10 volumes of 
reagent grade acetone at —10°. A portion of the acetone is used to ho- 
mogenize the germ in a Waring blendor, and the resulting suspension is 
poured into the rest of the acetone. After 10 minutes stirring, the sus- 
pension is filtered rapidly, and the washing and filtration are repeated. 
While still moist, the defatted germ is placed in desiccators and dried 
in vacuo over H,SQ, in the cold. 

2. Extraction'\—The following procedure is workable on a 250 to 2500 
gm. scale. Unless otherwise indicated, it is carried out at 5-7°. All pH 
values are measured at the temperature at which the step is carried out. 

1 kilo of acetone powder is extracted with 5 liters of H,O by vigorous 
stirring for 15 minutes, followed by centrifugation for 30 to 45 minutes 
at 2600 r._p.m. The cloudy supernatant (2 liters) contains all of the en- 
zyme (750,000 to 780,000 units; activity ratio = 2.1, based on dry weight). 

3. Isoelectric Precipitation—To the water extract 1 N acetic acid is added 
under vigorous stirring to exactly pH 5.20 at 0-4°. The suspension is 
centrifuged immediately (2600 r.p.m. for 30 minutes), yielding an almost 
clear, yellow supernatant. After chilling the solution to about 3°, the 
enzyme is precipitated from the supernatant by further addition of 1 N 
acetic acid to exactly pH 4.90. The suspension is kept overnight at 0° 
to complete the precipitation. The enzyme is quite stable at this stage, 
since it is insoluble at pH 4.90, whereas at pH 5.20 it is unstable. The 
suspension at pH 4.90 is centrifuged for 30 minutes at 2600 r.p.m. The 
precipitate is resuspended in 900 ml. of 0.1 m succinate buffer, pH 6.0, 


1 The extraction and isoelectric precipitation steps were worked out in collabora- 
tion with Dr. G. R. Bartlett in 1942. 
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with the aid of glass homogenizers and stirred for 20 minutes. Centrif- 
ugation for 30 minutes in an angle head centrifuge at 5000 r.p.m. yields 
a clear, yellow supernatant, containing 530,000 to 612,000 units (Di5 = 
11.2; activity ratio = 77 to 99). 

4. Alcohol Fractionation—The enzyme solution is chilled to 0° and ad- 
justed to pH 5.50 with 1 N acetic acid. Ethanol (95 per cent, —15°) 
is added dropwise, with stirring, to a final concentration of 15 per cent by 
volume, while the enzyme solution is maintained at 0° to —1°. The 
stirring is continued for 15 minutes after the addition of alcohol and the 
precipitated enzyme is separated by centrifugation for 45 minutes at 2500 
r.p.m. at 0° to —1°. The moist precipitate is immediately dried in a desic- 
cator at 0° over H.SO, (high vacuum). The resulting powder is stable 
for months in the cold. About 530 mg. of powder, containing 490,000 
to 560,000 units, are obtained per kilo of acetone powder. Activity ratio = 
1365 to 1510 on the basis of Dig = 11.0. 

5. (NH4)2SO, Precipitation and Dialysis—The dry enzyme is dissolved 
in 0.05 m tris(hydroxymethyl)aminomethane (THA) buffer, pH 7.7, at 
6°, 20 ml. of buffer being used for each 100 mg. of powder. The insoluble 
part is removed by centrifugation. The solution is adjusted to pH 6.0 
with 1 N acetic acid at 0° and saturated (NH,)2SO, is added dropwise to 
give 0.33 saturation. After 15 minutes stirring the precipitated enzyme 
is centrifuged (45 minutes at 5000 r.p.m.). The precipitate is resuspended 
in about 10 ml. of H,O for each kilo of acetone powder used and dialyzed 
for 24 to 48 hours against glass-distilled water. The enzyme precipitates 
quantitatively during dialysis. After a brief centrifugation at 5000 r.p.m., 
the precipitated enzyme is dissolved in 0.1 m imidazole buffer, pH 6.8, 
at 5° (10 ml. of buffer for each 100 mg. of alcohol-precipitated enzyme). 
Insoluble protein particles are removed by centrifugation at 18,000 r.p.m. 
In the best preparations, the clear, colorless imidazole extract contains 
560,000 units of enzyme for each kilo of acetone powder used; activity 
ratio = 5600, based on Dig = 10.7. The over-all yield is, therefore, 75 
per cent, and the losses are due mainly to occlusion of the soluble enzyme 
in the voluminous precipitates. The purification is about 2700-fold com- 
pared with the first extract (activity ratio = 2.1) and 11,000-fold compared 
with the acetone powder (activity ratio = 0.5). At this stage of purity 
the enzyme appeared to be homogeneous in the Tiselius apparatus, but 
ultracentrifugal examination revealed the presence of about 10 per cent 
impurity. Further chemical fractionation failed to increase the activity 
ratio significantly ; however, the impurity may be removed by differential 
ultracentrifugation. 

Occasionally, the imidazole extract has a lower activity ratio (4000 to 
4300) and a total yield of about 400,000 units. The purity of such prepa- 
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rations can be raised by treatment with Ca;(PO,). gel. In a typical 
experiment 144 mg. of protein in 10 ml. of imidazole buffer (based on 
Diso = 10.7), at an activity ratio of 4000, was treated dropwise with 70 
mg. of Ca;(PO,)2 gel,? until 28 per cent of the initial activity and 41 per 
cent of the protein were adsorbed; the purity in the unadsorbed portion 
was raised to an activity ratio of 4850. ~ 

Concentrated solutions of the enzyme in imidazole buffer, pH 6.8, are 
stable for about a week at 5°. If precipitated with solid (NH,).SO, (18.6 
gm. per 100 ml. of solution) or by exhaustive dialysis against H.O, the en- 
zyme retains its activity for several weeks in the cold. Freezing or lyo- 
philizing of enzyme solutions causes considerable inactivation. The best 
way to store the purified preparations for prolonged periods is in the form 
of the alcohol-precipitated dry powder. 


Properties of Enzyme 

Electrophoretic Analyses—The enzyme at an activity ratio of 5000 or 
above exhibits a single peak in electrophoretic measurements throughout 
the pH range of its stability. Reliable measurements are limited to the 
range of pH 6.4 to 7.9. Below this range the solubility of the enzyme is 
too low; above pH 7.9 denaturation occurs. Photographs of a series 
of representative electrophoretic patterns obtained at three pH values 
are given in Fig. 2. The enzyme used in these experiments was prepared 
by the Ca;(PO,)2 fractionation method and was used at an activity ratio 
of 5600. After exhaustive dialysis against the appropriate buffer, samples 
of the enzyme were analyzed in the 2 ml. micro cell of the Perkin-Elmer 
model of the Tiselius apparatus at 0°. The Longsworth scanning method 
was used to record the moving boundaries photographically. The rates 
of migration were uniform throughout the experiments and the patterns 
showed a high degree of symmetry. The experimental conditions and 
calculated mobilities* were as follows: phosphate buffer, pH 6.80, T'/2 = 
0.205, protein concentration = 10.8 mg. per ml., current = 0.005 ampere 
for the first 6300 seconds, 0.0065 ampere thereafter, » = 6.6 X 10-5 em? 
sec.-' volt~!; phosphate buffer, pH 6.41, ['/2 = 0.076, protein concentra- 
tion = 1.1 mg. per ml., current = 0.0045 ampere, » = 7.3 X 10-5 em? 
sec.-' volt“! from the ascending side and 6.9 X em. volt! 
from the descending side; THA buffer, pH 7.85, [/2 = 0.083, protein 
concentration = 3.9 mg. per ml., current = 0.005 ampere, u = 6.5 X 10-5 
em.? sec.~' volt from the ascending side and 6.3 10-5 em.’ see.-' 
from the descending side. In other experiments, electrophoresis of prepa- 
rations of varying stages of purity at 1.50° in THA buffer, pH 7.1, '/2 = 

* The gel was prepared and aged as previously described (13). 

*We are indebted to Miss Jean Stang for the conductivity determinations. 
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0.1, gave mobilities of 4.7 and 5.0 K 10-5 em.* sec.~! volt! from the 
descending and ascending boundaries, respectively. 

Ultracentrifugal Analyses—Electrophoretically homogeneous prepara- 
tions of the enzyme were examined in a Specialized Instruments Corpora- 


Fic. 2. Electrophoretic patterns of a-carboxylase. (a) In succinate buffer, pll 
6.80, at 14,400 seconds; (b) same at 12,960 seconds; (c) in phosphate buffer, pH 6.41, 
at 7140 seconds; (d) in THA buffer, pH 7.85, at 8100 seconds. 


tion analytical ultracentrifuge. In various experiments, conducted in 0.1 
mM phosphate buffer, pH 6.8, at a rotor speed of 52,640 r.p.m., three dis- 
tinct sedimenting components were detected, of which the major one 
(Seo = 29.0 X 10-8 cm. sec.-' + 10 per cent) comprising some 93 per 
cent of the protein present, was subsequently identified as the a-car- 
boxylase. The protein concentration ranged from 9 to 15 mg. per ml. 
and the rotor temperature was varied from 4—30° in different experiments. 
The two other components amounted to less than 10 per cent in the usual 
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preparation and had materially different sedimentation velocities. The 
enzyme could thus be easily separated from these by differential ultra- 
centrifugation and retain all the initial activity, the impurities being devoid 
of a-carboxylase activity. 

Measurements of the diffusion constant of the enzyme have been post- 
poned until substantial quantities of the enzyme are obtained in the 
homogeneous state. Consequently, the molecular weight cannot be ac- 
curately calculated at this time. The very high sedimentation velocity 
obtained, however, and the observation that the protein shows only a 
minimal diffusion in the Tiselius apparatus over a period of several hours, 
may well mean that the molecular weight is in excess of 1 million. 

DPT Requirements—The a-carboxylase of wheat germ requires DPT 
for enzymatic activity. The DPT moiety is lost early in purification; 
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Fic. 3. Influence of DPT concentration on decarboxylase activity. Abscissa, 
micrograms of DPT in3ml. Ordinate, microliters of CO, in 5 minutes. Each vessel 
contained 0.073 mg. of enzyme at an activity ratio = 1870. Standard assay condi- 
tions. 
thus, at the end of step (4), there is very little or no activity without added 
DPT, and any remaining DPT is completely removed by dialysis in step 
(5). The effect of DPT concentration on decarboxylase activity is shown 
in Fig. 3. The affinity constant, Ky, has been calculated to be 1.35 

xX m. 

Effect of Metallic Cofactors—Besides DPT, the enzyme requires for full 
activity a divalent metalion. The relative affinity constants and maximal 
activities of a series of di- and trivalent cations are summarized in Table I. 
Maximal activation was generally reached at 1 X 10-* m concentration 
of the cations and higher concentrations (5 X 10-* M or more) were slightly 
inhibitory. 

It is noteworthy that exhaustive dialysis or repeated precipitation at 
any point within the pH stability range of the enzyme failed to reduce the 
activity in the absence of added cations to zero. Thus, when the maximal 
activity in the presence of 1 X 10-* m Mgt+ was 100 ul. of CO, per 5 min- 
utes, about 23 ul. of CO, evolution were regularly observed without added 
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metals. No further reduction of this residual activity was effected by 
passing the enzyme through a column of Amberlite IRC-50 resin (Rohm 
and Haas Company), Na form, buffered at pH 6 with succinate. In 
order to learn whether this “blank activity” was caused by tightly bound 
metals still present in the protein, an electrophoretically homogeneous 
sample of the enzyme was digested with a 1:1 H:;SO,-HNO; solution 
and examined in a sensitive Hilger spectrograph.‘ A sample of the THA 
buffer against which the enzyme had been dialyzed was similarly treated. 
Only small traces of Na+, Ca**, Cut**, and Al*** were found in each, 
all of which are inactive as cofactors. No Znt*+, Mn**, Co*, or Ni** 
was detected, and less than 0.1 part per million of Mg** was present in the 


I 
Metal Activation of a-Carbozylase 
Metal | in? Ky 
| 100 10.2 10°5 
78 7.9 X 


Ba**, Ca**, Sr**, inactive; Al***, Fe***, inhibitory. 

Standard assay conditions, 0.027 mg. of thoroughly dialyzed enzyme, activity 
ratio = 4250, per vessel. 

* Maximal velocity at optimal metal concentration, the activity with Mg** be- 
ing taken as 100. 


enzyme and the buffer, which would correspond to less than 1 X 10-* u 
Mg?** in our standard assay conditions. These results may be explained 
by the suggestion of Green et al. (3) that the main function of bivalent 
cations in the a-carboxylase holoenzyme is the binding of DPT to the 
protein. It seems possible that, to a limited extent, DPT may be bound 
directly to the protein and thereby activates the enzyme. Supporting 
evidence for this explanation will be given in a later section. 

Effect of pH and Temperature—The apparent pH optimum at 30° is 
6.3 to 6.4 (Fig. 4, a). An interpretation of the effect of pH on enzyme 
activity will be given elsewhere (12). The activity of the enzyme is the 
same in imidazole, succinate, and histidine buffers. In citrate and phos- 
phate buffers the activity is slightly lower, but full activity may be re- 
stored by raising the effective Mg*t* concentration. 


‘We wish to thank Miss Lee Smith of the Department of Chemistry for these 
determinations. 
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The temperature routinely used in this work, 30°, is not optimal. As 
shown in Fig. 4, b, the activity increases with temperature even above 40°. 
It should be mentioned that the enzyme activities given in Fig. 4, b are 
actual readings and are not corrected for the inhibitory effect of acetalde- 
hyde. At 38° and 45° the true activities would, therefore, have been 
considerably higher than those indicated in Fig. 4, b. 

The effects of pH and temperature on the stability of the enzyme were 
measured by the use of an acetone-fractionated preparation, as in Fig. 
4, b. At 0° the enzyme is completely stable for at least 1 hour between 
pH 5.7 and 7.9. Outside of this range extensive inactivation occurs, 
particularly above pH 8.3. At 30° in experiments of 15 minutes duration 
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Fig. 4. Effect of pH and temperature on decarboxylase activity. (a): Standard 
assay conditions, 0.025 mg. of enzyme, activity ratio = 4300, in each vessel. At the 
end of 5 minutes of activity determination, 0.1 ml. of 0.2 mM H,SO, was tipped in to 
liberate absorbed CO;. The values given are thus for total CO, and are corrected 
for the small amount of bicarbonate contained in the reagents. The pH is measured 
at 30° with all components present. The following buffers were used at 0.05 m final 
concentrations: acetate, pH 4.5 to 5.0; succinate, pH 5.3 to 5.7; imidazole, pH 6.2 
to 7.6. (b) Standard assay conditions, except for the omission of dimedon and 
albumin. In each vessel there were 10 mg. of a crude enzyme preparation, fraction- 
ated between 33 and 50 per cent acetone. The CO, figures are uncorrected. 


the pH of optimal stability was 6. In 0.1 Mm succinate buffer, pH 6.0, 
heating for 10 minutes at 43°, 46°, 50°, and 55° caused 31, 37, 59, and 82 
per cent inactivation. 

Substrate Requirements—The enzyme is saturated at a concentration of 
about 3 X 10°? mM pyruvate and half saturated at 3.6 X 10-* mM. Con- 
centrations in excess of 7.5 X 10-? M are slightly inhibitory. a-Keto- 
butyrate is decarboxylated at essentially the same rate as pyruvate, whereas 
a-ketoglutarate is acted upon at less than 10 per cent of this rate. Py- 
ruvamide is not acted upon by the enzyme. 

Inhibitors—It has already been mentioned that acetaldehyde inhibits 
the enzyme at low concentrations. The extent of inhibition obtained by a 
given concentration of acetaldehyde is the same whether it is added at 
the beginning of the experiment or accumulated as a result of the decar- 


5 Personal communication from Dr. M. F. Utter. 
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boxylation of pyruvate. Although, as discussed in another paper (12), 
a study of acetoin formation by the enzyme indicates that acetaldehyde 
combines with the enzyme at the same site as pyruvate, acetaldehyde 
inhibition is not truly competitive, since the extent of inhibition is not 
markedly affected by pyruvate concentration. Propionaldehyde is some- 
what less inhibitory than acetaldehyde. In a‘typical experiment, per- 
formed under standard conditions except for the omission of dimedon 
and albumin, 1 X 10°? m and 3 X 10° M acetaldehyde inhibited the 
decarboxylation of pyruvate 70 and 81 per cent, respectively, while the 
same concentrations of propionaldehyde inhibited this activity 41 and 
56 per cent. 

The enzyme is strongly inhibited by p-chloromercuribenzoate, and the 
sensitivity of the enzyme to this reagent increases greatly in the course 
of purification. Even at a relatively impure state (activity ratio = 1400), 
however, in the presence of 0.058 mg. of protein per vessel, 1 X 10~° m p- 
chloromercuribenzoate inhibited the enzyme 82 per cent. 

The inhibitory effect of trivalent cations was investigated by measuring 
their effect on the “blank” activity of the thoroughly dialyzed enzyme; 
i.e. in the absence of added divalent cations. Under these conditions, 
1 X 10-* m Fe*** and Al*** inhibited the enzyme about 40 and 60 per 
cent, respectively. 

Spectrophotometric Observations—It was of interest to determine whether 
the combination of DPT with the apoenzyme causes a measurable shift 
in its absorption spectrum. The combination of Mg** with apocarboxyl- 
ase causes a very slight but reproducible decrease in the absorption of the 
protein (Fig. 5, Curves 2 and 3). This is a non-specific effect, which occurs 
also with the inactive ion, Ca**, and with other proteins, such as crystalline 
bovine serum albumin. The combination of DPT with apocarboxylase 
in the presence of Mg** causes a marked increase in absorption below 
290 mu over the sum of the absorptions of the individual components of 
the system (Fig. 5, Curves 4 and 6). A new peak is apparent between 
250 and 255 mu. The high absorption of the protein obscures the effects 
progressively below 240 my. The absolute magnitude of the differences 
between Curves 4 and 6 (Fig. 5) depends on the ratio of protein to DPT 
and increases with a rise in this ratio as a greater fraction of the total DPT 
present enters into combination with the protein. In the absence of added 
Mg? (Fig. 5, Curve 5) the increase in absorption upon the combination 
of DPT with the protein is much less, particularly below 255 my, although 
a slight reaction seems to occur between DPT and the protein in the 
absence of added metallic ions. This is in accord with the view presented 
earlier in this paper that DPT appears to combine with apocarboxylase 
to some extent even in the absence of metallic ions. 


‘ 
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In view of the rapid decarboxylation of pyruvate and concomitant for- 
mation of acetaldehyde, the effect of pyruvate on the absorption spectrum 
of the holoenzyme was not investigated. The effect of acetaldehyde, a 
true substrate of the enzyme for acetoin synthesis (1, 2), could be more 
conveniently examined. The results are represented in Fig. 6. The pres- 
ence of acetaldehyde increases the absorption due to the DPT-Mg-protein 
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Fic. 5. Absorption spectra of the components of a-carboxylase holoenzyme. 
Light absorptions refer to 1 em. light path. Phosphate buffer, 2 x 10°? Mm, pH 7.0. 
MgSO,, DPT, and a-carboxylase apoenzyme (activity ratio = 4340) present at the 
following concentrations: 3.2 X 10°? mM, 1.88 xX 10°° mM, and 0.284 mg. per ml. 
Curve 1, DPT with or without Mg**; Curve 2, apoenzyme with Mg**; Curve 3, same 
without Mg**; Curve 4, calculated sum of Curves 1 + 2; Curve 5, DPT + apoenzyme 
without Mg**; Curve 6, DPT + apoenzyme with Mg**. 


complex materially (cf. Fig. 6, Curves 3 and 4). The increase occurs 
over the entire range of 235 to 300 my without the appearance of a distinct 
new peak. A similar but lesser effect of acetaldehyde is observed on the 
spectrum of DPT alone (Fig. 6, Curves 1 and 2). It seems possible that 
the increased absorption, which occurs on addition of acetaldehyde to the 
enzyme, may represent the formation of an enzyme-substrate complex. 
Comparison with Yeast a-Carborylase—Our studies of the properties of 
wheat germ a-carboxylase have led to the conclusion that in its essential 
features the catalytic properties of this enzyme are very similar to those 
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of the a-carboxylase of yeast (3), but that the two proteins are different. 
The pH optima and requirements for DPT and for a bivalent metal ion 
are similar, although quantitative differences exist, and certain ions which 
are active for yeast a-carboxylase (e.g. Ca**) fail to activate the enzyme 
from wheat germ. Both appear to be sulfhydryl enzymes and both are 
inhibited by acetaldehyde. The latter combines much more avidly with 
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Fic. 6. Effect of acetaldehyde on the absorption spectra of DPT and of a-carbox- 
ylase holoenzyme. Same conditions as in Fig. 5. Acetaldehyde concentration, 
1X 10°? m. All cuvettes contained 3.2 X 10-?> um MgSO,. Curve 1, DPT + acetal- 
dehyde, experimental; Curve 2, same, calculated from individual spectra of com- 
ponents; Curve 3, DPT + apoenzyme + acetaldehyde, experimental; Curve 4, same 
as Curve 3, calculated from individual spectra of components, i.e. sum of Curve 6 
in Fig. 5 and absorption of acetaldehyde alone. 


wheat germ a-carboxylase than with its counterpart from yeast and is, 
therefore, much more inhibitory in our system. Finally, both enzymes 
produce acetoin from pyruvate plus acetaldehyde, as discussed in another 
paper (12). 

Since the a-carboxylase of yeast has not yet been prepared in a ho- 
mogeneous or nearly homogeneous state, its turnover number, molecular 
size, and chemical properties cannot be reliably compared with those of 
this enzyme. Certain differences between the two proteins are none the 
less apparent. Thus, the yeast holoenzyme does not appreciably disso- 
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ciate at pH 6 and may be isolated in a purified state without loss of its 
DPT and Mg** content, while the wheat germ enzyme is resolved early 
in the purification, or after a relatively short dialysis at pH 6, and is 
readily reconstituted to full activity. Thus the stability of the linkage 
of the prosthetic groups to the proteins must be different in the two cases. 
The Qco, of the best preparation of yeast a-carboxylase at pH 6 and 30° 
is 12,140 (3); under the same conditions the most active preparations 
from wheat germ have a Qco, of 66,000. If the ultracentrifugal behavior 
is taken as an index of homogeneity, the homogeneous enzyme from wheat 
germ should have a Qco, of 73,000 or higher. Since pH 6 and 30° are not 
optimal for this enzyme, at its apparent pH and temperature optima the 
activity would be several times greater. 


We wish to thank Dr. Lena Lewis of the Cleveland Clinic and Mr. M. O. 
Schilling of this University for their help in the ultracentrifugal determina- 
tions. For her constant interest and help we are greatly indebted to 
Dr. Edna B. Kearney. 


SUMMARY 


1. The a-carboxylase of wheat germ has been isolated in a 2700-fold 
purified state as compared with the activity of the initial extract. The 
Goes of the purified enzyme acting on pyruvate is 66,000 at 30° and pH 


“ In the pH range tested the purified enzyme shows a high degree of 
homogeneity in electrophoretic measurements. When the most highly 
purified fraction was examined in the analytical ultracentrifuge, the en- 
zyme was found to comprise 93 per cent of the total protein present. The 
remaining impurities may be removed by differential ultracentrifugation. 

3. The purified enzyme requires the addition of diphosphothiamine 
(DPT) and of a divalent metal for full activity. The holoenzyme is 
resolved in the course of purification. Mgt**, Co**, and Zn** are most 
active as cofactors. The dissociation constants of a-carboxylase for DPT 
and for various metallic activators have been determined. 

4. The effects of pH, temperature, and of substrate concentration on the 
activity of the enzyme have been described. p-Chloromercuribenzoate, 
aliphatic aldehydes, Fe**+*, and Al*** inhibit the enzyme. 

5. Certain changes in the absorption spectrum have been noted in the 
ultraviolet region when the components of the holoenzyme are mixed in 
solution. Upon addition of a substrate (acetaldehyde) to the complete 
enzyme a further increase in light absorption occurs. 

6. The similarities and differences in the properties of the a-carboxylases 
of yeast and wheat germ have been discussed. 
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THE EFFECT OF FASTING UPON LIPOGENESIS IN THE 
INTACT RAT* 
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W. J. CATHEY,t anp EDWARD 8S. WEST 


(From the Department of Biochemistry, University of Oregon Medical School, Portland, 
Oregon) 


(Received for publication, July 10, 1951) 


Little information is available on the ability of the intact, fasted rat to 
incorporate acetate carbon into fatty acids and cholesterol. There is evi- 
dence that a reduced food intake may lower fatty acid synthesis (1) and 
that tissues from fasted animals may have a similar defect (2). The intact 
alloxan-diabetic rat (3, 4) and liver slices from such animals (5) also exhibit 
decreased lipogenesis. Cholesterol formation is less altered than is fatty 
acid synthesis in the diabetie state (5), but information on the effect of 
fasting is meager. 

We have investigated the effect of fasting on the ability of the intact 
male rat to incorporate C™ into fatty acid and cholesterol during the Ist 
hour following an intraperitoneal tracer dose of C™ carboxyl-labeled ace- 
tate. Respiratory C™O, collection and assay have aided in the interpre- 
tation of data on lipide C™ incorporation. 


EXPERIMENTAL 


1 week prior to use, pairs of animals were chosen from the stock colony 
(Sprague-Dawley strain) and hand-fed twice a day an amount of chow that 
would be eaten in about 1 hour. All animals showed a slight weight gain 
in this standardization period. Such controlled feeding made it possible 
to define the starvation periods within narrow limits. Four animals each 
were used after 1 hour and 24 hours fasting, and two each after 48, 72, 96, 
and 120 hours fasting. 

At the end of the desired fasting period the animal was injected intra- 
peritoneally with a tracer dose of 1 X 10° ¢.p.m. per 100 gm. of weight of 
C'-carboxyl-labeled acetate (6) and immediately placed in a closed me- 
tabolism system. CO.-free air was drawn past the animal and through an 
efficient CO, absorber containing standard NaOH. In all cases, regardless 
of the length of fasting, the period allowed for the metabolism of the tracer 


* This investigation was supported largely by contract No. AT(45-1)-225 of the 
United States Atomic Energy Commission. A preliminary report was presented 
at the meeting of the American Society of Biological Chemists at Cleveland, April 
20-May 3, 1951. 

t Fellow of the Atomic Energy Commission. 
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acetate was 1 hour. Although one animal was used at a time, two rats 
chosen on a weight basis were used on the same day and the tests carried 
out concurrently. 

After the 1 hour period the rat was chloroformed, and the entire animal, 
without dissection, digested in a mixture of 400 ml. of alcohol and 100 gm. 
of KOH per 200 gm. of tissue. Saponification under a reflux was con- 
tinued for 4 hours. The digest was filtered on a coarse sintered filter, and 
bone fragments and insoluble residues were washed with water, alcohol, 
and petroleum ether. The digest and washings were concentrated to 0.5 
volume on the steam bath with an air stream and cooled, and the volume 
was brought to 500 ml. with water. The essentially aqueous digest was 
extracted successively with 500, 400, 300, and 200 ml. portions of petroleum 
ether (b.p. 30-60°). The pooled ether extracts were washed twice with 
100 ml. of ns KOH, three times with 50 ml. of water, dried over NaSO,, and 
evaporated by distillation to a small volume. Final traces of solvent were 
removed with an air stream. The non-saponifiable residue so obtained 
was extracted five times with small amounts of hot ethanol. Each extract 
was cooled and then filtered. The cold filtrate was diluted to a standard 
volume with alcohol, and aliquots were used for determination of cho- 
lesterol by a modified Schoenheimer-Sperry method, and for C™ radio- 
assay.’ 

The alkaline water phase from above and the KOH and water washes 
were pooled, acidified to Congo red with HCl, and extracted successively 
with 500, 400, 300, and 200 ml. portions of petroleum ether. Pooled ether 
extracts were washed three times with 100 ml. portions of water, dried 
over Na2SQ,, and distilled. Fatty acids were separated from the residue 
by extracting five times with hot acetone. Each extract was cooled and 
filtered, and the extracts were combined. ‘The filtrate was evaporated in 
a tared flask, and the residue weighed. Weighed samples of the dried 
fatty acids were taken for radioassay.” 


1 Although aliquots of the unsaponifiable fractions were used for combustion and 
radioassay, specific activities represent counts per minute per mg. of colorimetri- 
cally determined cholesterol. Labeled non-saponifiable fractions have been purified 
through acetate, dibromide, and digitonin derivatives, but the specific activities 
(counts per minute per mg. of cholesterol) were not significantly altered. Colori- 
metric assays compared with dried tared aliquots indicate that the non-saponifiable 
material contained 83 to 87 per cent cholesterol. Close adherence to the fractiona- 
tion scheme above permits the recovery of 98 to 100 per cent of the cholesterol pres- 
ent, as tested by isotope dilution experiments with C-labeled cholesterol. 

2 A series of crude fatty acid fractions from the above was purified through the 
successive preparation of calcium and barium soaps, but little change in specific 
activities was found. The addition of labeled acetate to alcoholic KOH digests of 
control rats has failed to contaminate either fatty acid or cholesterol fractions pre- 


pared as above. 
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Radioassay—All lipide samples were burned, plated, and counted as infi- 
nitely thick BaC"O,; samples by methods previously described (7,8). Ali- 
quots of the NaOH-Na,C"O; solution were precipitated and plated. C” 
carrier carbonate was added in amounts required for infinite thickness. 
All samples were counted immediately under a thin end window Geiger- 
Miller tube (Tracerlab, Inc., Boston, Massachusetts). In our hands such 
counting has an efficiency of 0.022 (counts per disintegration). 


DISCUSSION 


The essential data obtained from the sixteen animals fasted from 1 to 
120 hours are listed in Table I. 

Basic to the evaluation of C" incorporation into lipide is the necessity 
of knowing that fasting has not interfered with the availability of the label 
to the lipogenic processes. The variable, but not materially decreased, 
incorporation of C™ into CO, indicates that fasting produced no gross 
defect in the conversion of the trace material to a metabolically active form. 
Although the label was equally available to all the animals, it is necessary 
in addition to consider the possible changes in dilution of the administered 
compound by endogenous lipide precussors. The increase found in CO, 
specific activities associated with an unaltered total C™ incorporation in 
CO, indicates less dilution of the label by endogenous CO, precursors. 
This decreased dilution is contrary to the concept that fasting should cause 
an increase in dilution of the label owing to an increase in the products of 
fatty acid catabolism. 

No information has come to our attention as to the effects of altered 
metabolic states on dilution of tracer by endogenous lipide precursors. 
We have therefore used our CO, data as a criterion of possible changes in 
dilution of C™ by endogenous lipide precursors. In view of the above 
considerations we feel that the decreased C" lipide incorporation shown in 
Table I indicates a similar change in lipogenesis. 

After 120 hours fasting, C™ incorporation into fatty acids was reduced 
to 30 per cent of normal. This is in contrast to the findings of Masoro 
et al. (2) who reported that a 24 hour fast reduced C™ incorporation from 
glucose into fatty acids to less than one-tenth that of non-fasted controls. 
Decreased utilization of glucose for fatty acid synthesis may be due in part 
to defects in carbohydrate metabolism (9, 10), acting to depress the rate 
of conversion of glucose to C; fragments, and thus may not directly assess 
the true total lipogenic activity of the preparation. Brady and Gurin (5) 
found no change from normal in fatty acid C™ incorporation from acetate 
by liver slices from normal cats fasted for 48 hours. 

C™ incorporation into the unsaponifiable lipide fraction decreased to 
about 40 per cent of normal during the fast. Liver slices from severely 
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Taste I 


Incorporation of C™ from Carboryl-Labeled Acetate into Carbon Dioxide, Fatty Acids, 
and Cholesterol Fractions of Fasted Rats 


4 48 72 120 
No. of rats 4 4 2 2 2 | 2 
Ay ~ 200° 198 156 143 47 149 
ter fast, gm. 185-210 196-203 153-100 143-143 145-148 145-155 
Weight loss, per 
y ‘Oya 0 0 22 28 26 25 
CO, col- 10.7* 8.8 7.7 6.3 5.7 4.7 
lected, mw 8.1-13.5 7.2-9.9 7.2-8.5 4.5-8.1 54-61 4.0-5.4 
perhr. | | 
S.a.t X 1.0* | a2 1.73 «1.59 
0.7 -1.2 1.11-1.6  0.81-1.38 1.52-1.94 1.52-1.66 1.20-1.70 
% incorpo- 48* 55 40 48 43 32.5 
rationt 42 -56 48 -63 32 +48 40 -56 40 45 | 32 -33 
% of 1 hr. 100 115 83 100 88 68 
fast 
Fatty acids, 7.2% | 5.4 4.0 By, 1.3 2.0 
mg. X10 4.1-8.9 3.1-8.2 3.6-4.3 1.6-1.8 1.2-1.4 1.0-3.0 
S.a.§ 10.9 12.4 2.2 27.5 17.0 
| 8. 22-25.0 ares 2 9.68-15.1 20.8 -23.5 23.9 -31.0 11.1 -22.8 
% ineorpo-— 2.3 | 1.7 | 1.7 | 1.4 
rationt 3.3 4.9 2.0 -2.5. 16-19 14-20 1,1 -1.6 
% of br. | 100 | 39 
fast | | | | 
Cholesterol, 421* 450 448 450 473 491 
mg. 411 45 437° 462 420 ~475 420-480 452-495 473-500 
S.a.§ 48.1° 37.3 26.9 13.9 18.2 22.1 
97.9 -75.2 17.4 -77.2 26.2 -27.6 10.5 -17.2 17.2 -18.5 22.0 -22.2 
% incorpo- ll 0.9° 0.7 (0.55 «0.28 0.39 
rationt | 0.6-1.4 0.4-1.6! 0.5-0.6 0.24-0.33 0.32 0.37-0.41 
% of 1 hr. 100 80 60 3 | 41 
fast | 


* The figures represent the average (upper line) and the range (lower line). 
t Specific activity = c.p.m. per mu of CO, X 
Average activity administered at 1 hr. fast period 
Activity administered at stated fast period 
total activity (c.p.m.) X 100 
Per cent incorporation [dese 
§ Specific activity = c.p.m. per mg. lipide X 
Average activity administered at 1 hr. fast period 
Activity administered at stated fast period 
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diabetic animals demonstrate impaired cholesterol synthesis, but less severe 
diabetes (5) or a restricted diet (1) affected cholesterol synthesis less 
markedly. No comparable data are available on cholesterol synthesis in 
the intact fasted animal. 

Although the C™ incorporation into fatty acid and cholesterol fractions | 
showed about the same decrease during the fast, fatty acid specifie activi- — 
ties remained essentially constant because of the proportionate decrease in 
fatty acid mass. Cholesterol specific activities, on the other hand, showed 
a decrease proportional to the C™ incorporation decrease, owing to the 
relative constancy of the cholesterol mass. This maintenance of total body 
cholesterol in the presence of decreased incorporation suggests an asso- 
ciated decrease in cholesterol catabolism. It is apparent that data per- 
mitting determination of total activities (and thus per cent incorporation) 
as well as specific activities permit a better evaluation of fatty acid and 
cholesterol synthesis and their interrelationships than do data pertaining 
to specific activities alone. 

Our values for changes in body, fatty acid, and cholesterol masses are 
in good agreement with those of Dible (11) who fasted rats up to 95 hours. 
Similar changes in body and lipide weights have been reported (12) for 
humans semistarved for 24 weeks. 

During our CO, collections, moderate body movements occurred in all 
animals, making it unlikely that this factor alone could account for the 
observed decrease in CO, production. The decrease to one-half observed 
in the amount of CO, produced per hour may be due to both decreased 
metabolic rate and lowering of the respiratory quotient. It is interesting 
that humans semistarved for 24 weeks exhibited a 60 per cent decrease in 
O, consumption (12). 


C-carboxyl-labeled acetate was given intraperitoneally to fasted adult 
male rats, and the animals were allowed to metabolize the dose for 1 hour. 
Those fasted 120 hours lost about 25 per cent body weight and about 75 
per cent of their fatty acids. The cholesterol content, however, remained 
essentially constant. The amount of C™ appearing in respired CO, did 
not change materially as the fast progressed from 1 to 120 hours. C™ 
appearing in fatty acids and cholesterol decreased to about one-third in 
this period. 
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PHOSPHORYLATION OF GLUCONATE IN YEAST EXTRACTS* 


By HENRY Z. SABLE ann ARMAND J. GUARINOT 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
Boston, Massachusetts) 


(Received for publication, December 26, 1951) 


The formation of gluconate by direct oxidation of glucose in extracts 
of molds (1) and liver (2) has been known for many years, and more re- 
cently Stetten and Stetten have demonstrated that gluconate may be 
utilized for glycogen synthesis in vivo (3). Enzymes which catalyze oxi- 
dation of phosphogluconate are present in many animal tissues and micro- 
organisms (4-6). The present study was undertaken to investigate the 
possibility that gluconate might be phosphorylated as the first step in its 
utilization. 

An enzyme has now been found in extracts of yeast which catalyzes the 


reaction 

(1) Gluconate 6-phosphogluconate 

Some of the properties of this enzyme will be discussed. 

While this work was in progress, a similar enzyme was described in ex- 
tracts of gluconate-adapted Escherichia coli (7), and the name glucono- 
kinase proposed. This name has been adopted in the present work. 


EXPERIMENTAL 


Materials—Potassium gluconate was purchased from Eimer and Amend 
Division. Adenosinetriphosphate (ATP), the disodium salt as purchased 
from the Pabst Brewing Company, was adjusted to pH 6.8 with KOH 
and stored in the frozen state. Tris(hydroxymethyl)aminomethane 
(TRIS) was purified as described elsewhere (8). Triphosphopyridine 
nucleotide (TPN) was prepared from beef liver by the method of War- 
burg ef al. (9). Myokinase' was obtained from rabbit muscle by the pro- 
cedure of Colowick and Kalckar (10); hexokinase,' free of ATPase and 
myokinase, was prepared from bakers’ yeast by the method of Berger et 
al. (11). Phosphogluconic dehydrogenase? was prepared according to 

* This report is abstracted from a dissertation to be presented by Armand J. 
Guarino to the Graduate School of Tufts College in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 

t Fellow of the Baxter Laboratories and of the Chariton Fund. 

' Kindly supplied by Dr. W. W. Kielley. 

? We are grateful to Dr. Horecker for supplying the details of these methods a year 
in advance of publication. 
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Horecker and Smyrniotis (12) and barium-6-phosphogluconate?:* by oxi- 
dation of barium glucose-6-phosphate (13). Special active dried brewers’ 
yeast, purchased from Anheuser-Busch, Inc., was used in all but one of 
the experiments reported. 

Analytical Methods—Inorganic orthophosphate was determined by 
King’s modification (14) of the Fiske-Subbarow method (15). “Easily 
hydrolyzable phosphate” was determined by measuring the increase in 
inorganic orthophosphate after 10 minutes hydrolysis in nN H,SO, at 100°. 
Reducing sugar was estimated by the method of Nelson (16) and protein 
according to Robinson and Hogden (17). Phosphogluconate was deter- 
mined by the enzymatic procedure of Horecker and Smyrniotis (12). 
Hexokinase was determined by incubation with glucose, ATP, and Mg++ 
and measuring the disappearance of reducing substance not precipitated by 
the Ba(OH).-ZnSO, reagent of Nelson (16). Myokinase was determined 
by adding the material to be tested to the hexokinase test system and 
measuring the increase in the amount of glucose phosphorylated in the 
presence of limiting amounts of ATP. One-dimensional paper chromato- 
grams were prepared according to Bandurski and Axelrod (18), and phos- 
phate compounds located by treatment with the perchloric acid-molybdate 
reagent of Hanes and Isherwood (19). Maceration juice was prepared by 
incubating the dried yeast with 3 volumes of 0.067 m NasHPO, for 4 hours 
at 38°. 

Determination of Enzyme Activity*—Evidence for phosphorylation of 
gluconate was first obtained by measuring the decrease of easily hydro- 
lyzable organic phosphate when dialyzed yeast maceration juice was 
incubated with ATP, Mg**, and gluconate (Fig. 1, A). Confirmatory 
evidence was obtained by the following type of experiment. 5 um of 
gluconate and 6 um of ATP were incubated at 30° with 1 ml. of dialyzed 
maceration juice (44 mg. of protein), 0.01 m TRIS buffer, pH 7.6, and 
0.003 m Mgt+ in a final volume of 3.5 ml. After 1 hour the reaction mix- 
ture was fixed in 0.2 n HCl and neutralized with NaOH, upon which treat- 
ment the protein precipitated. The protein-free filtrate was analyzed 
with phosphogluconic dehydrogenase and 3.42 um of 6-phosphogluconate 
were found. In a parallel experiment the conversion of acid-labile to 
acid-stable phosphate was measured. In 1 hour 44 mg. of protein cata- 
lyzed the formation of 4.0 um of acid-stable phosphate. 

Neither of the foregoing methods of assay was completely satisfactory 
for routine work in following the purification of the enzyme. It was 
found convenient to assay gluconokinase by measuring the change in pH 
which accompanies the formation of a new acid group as a result of phos- 


? We thank Miss Helen F. Elliott for assistance in this preparation. 
* All incubations were carried out at 30°. 
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phate transfer (10). This was done with external electrodes of a Beckman 
pH meter. A typical experiment is shown in Fig. 1, B. Although not 
an absolute measure of the reaction, pH measurement can be used to give 
an accurate estimate of the relative activity of different enzyme prep- 
arations. 

Purification—Because of the presence of interfering enzymes, partic- 
ularly ATPases, in the crude maceration juice it was necessary to purify 
the enzyme before studying its properties. This was accomplished as 
follows: All operations were carried out in a cold room and protein solu- 
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Fig. 1. A, utilization of ATP in the presence and absence of gluconate. The in- 
cubation mixtures contained, in a final volume of 2 ml., 9.8 mg. of protein (dialyzed 
maceration juice), 0.01 « Mg**, 0.013 ma TRIS buffer, pH 7.6, 6 um of ATP, and 4 um 
of gluconate. Phosphorus was determined in aliquots of the protein-free filtrate. 
Upper curve, gluconate omitted. B, change in pH during the phosphorylation of 
gluconate. The incubation mixtures contained, in a final volume of 6 ml., 50 mg. 
of protein (acid supernatant fraction), 0.02 m Mg**, 0.007 m TRIS buffer, pH 7.0, 
15 um of gluconate, and 20 um of ATP. Upper curve, gluconate omitted. 


tions kept chilled in an ice bath. To the maceration juice (150 ml.) were 
added 183.5 ml. of a solution of (NH,)2SO,, pH 7.6, saturated at 25°, to 
give a saturation of 0.55. After chilling for 20 to 30 minutes more the 
mixture was centrifuged at high speed on a Servall SS-1 centrifuge. The 
precipitate was dissolved in 60 ml. of cold water and dialyzed for 18 hours 
at 2° against large volumes of distilled water. The resulting solution 
(ammonium sulfate fraction) was adjusted to pH 4.7 by addition of 0.1 N 
acetic acid, and, after standing for 20 minutes, the precipitate was re- 
moved by centrifugation. The clear solution (acid supernatant fraction, 
volume 86 ml.) was adjusted to 23 per cent ethanol concentration by ad- 
dition of 27.5 ml. of cold 95 per cent ethanol and centrifuged immediately. 
The precipitate was discarded and the solution (108 ml.) adjusted to 55 per 
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cent ethanol concentration by addition of 86 ml. of 95 per cent ethanol. 
The mixture was centrifuged and the precipitate suspended in 30 ml. of 
water and adjusted to pH 6.8 with 0.1 Nn NaOH. A considerable amount 
of undissolved material remained. The mixture was dialyzed with rota- 
tion for 4 hours against 2 liters of distilled water at 2° and then frozen 
overnight. After thawing, the mixture was centrifuged and the precipi- 
tate discarded. The clear solution (23 to 55 per cent ethanol fraction), 
when stored in the frozen state, lost activity slowly over a period of several 
weeks. In several preparations we achieved 6- to 8-fold purification by 
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Fig. 2. Relation of reaction rate to amount of protein added. The reaction 
velocities were determined by the method shown in Fig. 1, B. Initial pH 6.9. 

Fic. 3. Inability of hexokinase to phosphorylate gluconate. O, substrate pres- 
ent; X, substrate omitted. The reaction mixtures contained, in a final volume of 
6 ml., hexokinase (equivalent to 56 7 of the crystalline enzyme), 20 um of ATP, 15 
um of gluconate, 0.007 m TRIS buffer, 0.02 m Mg**, and 3 mg. of serum albumin. At 
G 10 uo of glucose were added to the substrate vessel. 


this procedure. The final products were free of ATPase, as shown by 
constancy of pH in the absence of gluconate, but contained a trace of 
hexokinase and large quantities of myokinase. The rate of the reaction 
was found to be proportional to the amount of protein added (Fig. 2). 
The possibility that phosphorylation of gluconate was due to the action 
of hexokinase was ruled out by the experiment shown in Fig. 3. 

Enzyme Affinity Constants—When experiments similar to those shown in 
Fig. 1, B were carried out in the absence of Mg**, there was no change in 
pH over a period of 1 hour. Upon the addition of the usual amount of 
Mgt, acid production began immediately in the mixture which con- 
tained gluconate. Mn** at the same concentration was about 50 per cent 
as effective as Mg*+. The optimum magnesium concentration lay between 
5 X 10° and 7 X 10-*m. Higher concentrations were inhibitory. 
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To determine the affinity of the enzyme for Mgt+ and gluconate the 
rate of acid production at different concentrations of these substances was 
measured. Calculations were made according to Lineweaver and Burk 
(20). The Michaelis constants were determined from the data shown in 
Fig. 4. These were found to be Kn = 1.68 X 10-* m for magnesium and 
1.74 X 10-* m for gluconate. 

The affinity of the enzyme for ATP could not be determined in the same 
way because the buffer capacity of the solution varied with different con- 


MAGNESIUM GLUCONATE 
' -2 0-1 ‘ 0-2 
(3) * *9 


Fic. 4. Effect of varying Mg** and gluconate concentration on enzyme activity 
A, the velocities were determined as reciprocals of the time required to produce a 
difference of 0.20 pH between incubation mixtures with and without substrate. In 
6 ml., there were 15 um of gluconate, 20 um of ATP, 0.007 m TRIS buffer, pH 7.0, 12.2 
mg. of protein (23 to 55 per cent ethanol fraction, Preparation 1). B, velocities are 
expressed as ApH per 30 minutes at the initial reaction rates. In 6 ml. there were 
30 um of ATP, 0.007 ma TRIS buffer, pH 7.0, 0.006 m Mg**, and 9.8 mg. of protein (23 
to 55 per cent ethanol fraction, Preparation 4). 


centrations of ATP. To overcome this difficulty the rate of the reaction 
was measured by titrating to maintain the pH at 7.2 with 0.01 n NaOH. 
The rate of alkali consumption in such an experiment was an absolute 
measure of the reaction velocity. The reaction vessels were covered with 
a rubber membrane pierced by the electrodes, the tip of the burette, and 
a nitrogen inlet tube. Stirring was accomplished with a stream of nitrogen 
directed at an angle across the surface of the liquid to keep it in rotary 
motion.’ The data obtained by this method are recorded in Fig. 5, and 
the K,, for ATP was found to be 2.0 X 10~ M. 

The pH optimum was determined by measuring the rate of alkali addi- 
tion required to maintain constant pH in the assembly described above. 


* We are grateful to Dr. Harry H. Powers for suggesting this assembly. 
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A sharp optimum was found at pH 7.2 (Fig. 5). This was confirmed by 
experiments in which the formation of acid-stable phosphate was measured. 

Product of Reaction—As has already been indicated, a substance was 
formed which reacted in the phosphogluconic dehydrogenase system and 
therefore probably is 6-phosphogluconate. Confirmatory evidence was ob- 
tained by paper chromatography. In two chromatograms, in which the 
formic acid-methanol-water solvent of Bandurski and Axelrod was used, 
authentic 6-phosphogluconate had an R, value of 0.32, while the incubated 
mixtures contained a component with an R, of 0.30. 
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Fic. 5. Effect of varying ATP concentration and pH on enzyme activity. 
Velocity is expressed as ml. of 0.01 x NaOH required to maintain a constant pH for 
30 minutes. A, in 6 ml. there were 15 um of gluconate, 0.005 m Mg**, 4.3 mg. of pro- 
* tein (23 to 55 per cent ethanol fraction, Preparation 7), and pH maintained at 7.20. 
B, in 6 ml. there were 15 um of gluconate, 20 um of ATP, 0.007 m Mg**, 35 mg. of pro- 
tein (23 to 55 per cent ethanol fraction, Preparation 5). 


Enzyme Specificity—In tests with the crude maceration juice carried 
out as indicated in Fig. 1, B, we obtained no evidence for the phosphoryla- 
tion of glycerol, glycolaldehyde, p- or L-arabinose, or p-xylose. 

Bakers’ yeast was also tested as a source of the enzyme. Anheuser- 
Busch starch-free bakers’ yeast was crumbled and dried at room tempera- 
ture. Maceration juice was prepared in the usual way and dialyzed for 
18 hours at 2° against large volumes of distilled water. A large precipitate 
which formed on dialysis was removed by centrifugation, and the super- 
natant fluid tested in an experiment arranged similarly to that shown in 
Fig. 1, B. The rate of acid production in this experiment was approxi- 
mately the same as that observed when dialyzed maceration juice prepared 
from the brewers’ yeast was used. 
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DISCUSSION 


The presence of gluconokinase as a constitutive enzyme of yeast may 
indicate that some free gluconate is formed during the metabolism of 
hexoses. In any case it is certain that free gluconate can be utilized by 
the organism. Since the enzyme is present in both bakers’ and brewers’ 
yeasts, the possibility of contamination with another microorganism is 
minimized. 

The equivalence, within the limits of experimental error, of the Michaelis 
constants for gluconate and Mgt is evidence in favor of Najjar’s theory 
(21) of metallosubstrates; 7.e., “in determination of A,, for either the sub- 
strate or the divalent cation, one is actually measuring A,, of the metal- 
losubstrate complex.’’® 

As in the case of hexokinase and fructokinase (22) the affinity of the 
enzyme for ATP was an order of magnitude greater than that for the sub- 
strate. This may be an indication of the efficiency with which cells utilize 
available ATP. 


SUMMARY 


Extracts of bakers’ and brewers’ yeast contain an enzyme, glucono- 
kinase, which catalyzes a reaction between gluconate and ATP. The prod- 
uct of the reaction is 6-phosphogluconate. 

The enzyme has been partially purified and has been found to be ac- 
tivated by Mg**. 

The affinity of the enzyme for Mg**, gluconate, and ATP has been 
determined, and the significance of these affinities is discussed. 
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THE EFFECT OF ASCORBIC ACID DEFICIENCY ON THE 
COLLAGEN CONCENTRATION OF NEWLY INDUCED 
FIBROUS TISSUE* 
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(From the Department of Biochemistry and the Division of Experimental Medicine, 
College of Medicine, University of Vermont, Burlington, Vermont) 


(Received for publication, December 27, 1951) 


Recent chemical studies (1, 2) have shown that in neither acute nor 
chronic scurvy is there a diminution of the concentration or of the total 
amount of collagen in the formed tissues of guinea pigs. This result is 
in conflict with the broad generalization that ascorbic acid is necessary 
for the maintenance of collagen (3). It is, however, consistent with the 
results of most studies of experimental scurvy which have revealed the 
necessity for vitamin C during formation of collagen (4, 5) but which in 
general have presented no clear cut evidence concerning the effect of a 
deficiency of the vitamin on preformed collagen. Hunt (6), however, has 
presented evidence which suggested to him that newly induced collagen 
might require ascorbic acid for its maintenance. He observed that the 
collagen present in a recently healed wound reverted to precollagen when 
the animal became scorbutic. He also cited instances from the older lit- 
erature in which scars of long healed wounds were reported to have broken 
down, presumably due to scurvy. The question thus arose whether in- 
duced new collagen, in contrast to the collagen of normal tissues, required 
ascorbic acid for its maintenance. This paper presents a study of collagen 
concentration in new fibrous tissue formations as represented by healed 
skin wounds, by new subcutaneous fibrous tissue, and by new perirenal 
fibrous tissue and the effect thereon of scurvy. 


EXPERIMENTAL 
Procedure and Results 


The general procedure was to induce new tissue formation in 300 to 400 
gm. guinea pigs by one of the several methods described below. The new 
fibrous tissue was permitted to develop normally for about 14 to 28 days, 
during which time the animals were maintained on a stock guinea pig 
ration supplemented with 50 mg. of ascorbic acid per os every other day. 
At the end of this period of tissue formation the guinea pigs were separated 
into three groups. The animals of Group 1 were killed and collagen deter- 


* This work was done in part under contract N9-onr-82800 with the Office of Naval 
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mined immediately; those of the other two groups were placed on Mac- 
donald’s scorbutigenic Diet 5 (7).!_ One of these latter groups (Group 2) 
was allowed to develop scurvy until moribund, at which time the animals 
were killed ;? the other group (No. 3) was fed 50 mg. of ascorbic acid every 
other day during this period and the animals were killed at about the same 
time as the scorbutic animals. | 

The collagen concentration in the new fibrous tissue formations of the 
animals of all three groups was determined by the method of Lowry et al. 
(8), with modifications used in previous experiments (2). An aliquot of 
the entire healed area was used for these analyses. A piece of the new 
tissue and a costochondral junction were fixed for histological examina- 
tion.’ 

Wounds—Since evidence for the breakdown of collagen of healed 
wounds during scurvy has been presented by Hunt (6), similar material 
was used in the present study. However, in order to have adequate ma- 
terial for chemical analysis it was necessary to make the wounds more 
extensive than in his experiments. A piece of skin about 25 mm. in di- 
ameter, together with all underlying tissue down to the muscle layer, was 
cut from one flank. Sulfadiazine was sprinkled into the wound and the 
edge was marked with a tattoo. The wounds healed over in 3 to 4 weeks, 
although occasionally a small scab-crusted area remained; at this time the 
guinea pigs were separated into the three groups described above. 

Healing, as indicated by epithelization of the scar tissue and hair growth, 
continued in the group on the scorbutigenic diet (Group 2), as well as 
in the control group (Group 3). In no case was there ulceration of the 
wounds. At the end of the experiment (47 to 63 days) only the presence 
of the tattoo permitted demarcation between old and new tissue. As 
may be seen in Table I, the collagen content of the wounds of the animals 
in Group 2, which had developed acute scurvy, was in no case lower than 
that of comparable wounds analyzed before the guinea pigs were placed 
on a scorbutigenic régime (Group 1). Deposition of new collagen con- 
tinued after the wounds healed over, as indicated by the collagen concen- 
tration of Groups 2 and 3, which was higher than that of Group 1. The 
collagen concentration in the scorbutic guinea pigs (Group 2) was 2 per 
cent less than that of animals maintained with ascorbic acid for the same 
period (Group 3), a small difference which reflects a decreased collagen 
formation in the wounds as a result of scurvy (4). It appears from these 


1 Dr. E. W. Crampton of Macdonald College, Quebec, very kindly made available 
an adequate supply of this diet. 

* The diagnosis of acute scurvy was confirmed by gross and microscopic exami- 
nation. 

* We are indebted to Mr. John Boldosser of the Department of Pathology and 
Oncology for histologic preparations. 
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data that ascorbic acid was not needed to maintain the collagen which had 
formed during the period of normal healing. 

Subcutaneous Fibrous Tissue—Many substances, when introduced into 
the organism, provoke a foreign body reaction, with subsequent formation 
of fibrous tissue. Of several materials tried, two proved suitable for the 
present study. These were dicety]l phosphate‘ (9) and an Irish moss ex- 
tractive,® either of which, when injected subcutaneously as a 1 per cent 
suspension, induced formation of new tissue. After the new tissue had 
developed normally for 14 days, the guinea pigs were separated into 
groups as previously described. The results of collagen assays of this new 
tissue, as given in Table II, show that no decrease in collagen concentra- 
tion occurred as a result of scurvy. However, in these experiments in 
which an irritant was the stimulus to collagen formation, as in the wound 


Taste I 
Effect of Seurvy on Collagen Concentration + of Healed Skin Wounds 
Group No. | No. | Days om adequate diet Days on scorbutigenic 
10 3 (21-28) 10.6 + 0.52 
2 | 12 | 26 (21-28) | 34 (24-56 )t 17.6 + 0.78 
3 | 10 | 60 (57-63 ) | 19.6 + 0.36 


* These data are presented as the mean plus or minus its standard deviation. 
t Skin wounds originally 25 mm. in diameter were permitted to heal for 21 to 28 
days before placing the guinea pigs on a scorbutigenic diet. 


experiments, further formation of new collagen appeared somewhat inhib- 
ited in the scorbutic animals. During the experimental period the new 
tissue was slowly resorbed and so after 40 to 50 days less material was 
available for analysis than at 14 days. This occurred irrespective of 
whether ascorbic acid was administered or not: 

Fibrous Tissue of Renal Capsule—Page (10) has described the use of 
cellophane to produce a perinephritis with resultant formation of a rela- 
tively thick, fibrous, renal capsule. This technique was applied to guinea 
pigs,® but because of the high mortality when both kidneys were wrapped 
in cellophane most of the data to be reported were based on experiments 
in which only the left kidney was so treated. (Polythene sheeting was 


‘Supplied by courtesy of E. I. du Pont de Nemours and Company, Inc., Wilming- 
ton, Delaware. 
* The Irish moss extractive was a specially purified product for which we are 
teem to Mr. Leonard Stoloff, Krim-Ko Corporation, New Bedford, Massa- 
chusetts. 

* It is a pleasure to thank Dr. F. W. Dunihue of the Department of Anatomy for 
performing these operations and for advice in interpreting the microscopic sections. 
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used in place of cellophane in about half of the experiments with the same 
results.) The thickened capsule which formed could be readily separated 
from the kidney and weighed from 150 to 600 mg. If the capsule weighed 


II 
Effect of Scurvy on Collagen Concentration of New Subcutaneous Fibrous Tissue 


No. of Approxi- 

Material injected guinea agaquate diet | scorbutigenie diet | concentration,” pe amount o 
| gm. 
Irish moss ex- 1 10 14 1.57 + 0.13 7.5 
tract 2 10 14 27 (24-30)t 1.84 + 0.22 3.3 
3 9 45 (38-47) 2.13 + 0.13 2.6 
Dicetyl phos-| 1 | 8 | 14 1.71 +0.10 | 4.3 
phate 2 12 14 25 (22-32) . 2.01 + 0.17 3.9 
3 | 12 | 45 (28-56) 2.50 40.21 | 3.5 


* These data are presented as the mean plus or minus its standard deviation. 

t New tissue, formed in response to the injection of a 1 per cent suspension of 
Irish moss extract or of dicetyl phosphate, was permitted to develop for 14 days 
before placing the guinea pigs on a scorbutigenic diet. 


Taste III 


Effect of Scurvy on Collagen Concentration of New Fibrous Tissue Induced by 
Wrapping Kidney in Plastic 


| | No. of | Collagen Approxi- 
| adequate det | det | | weight of 
| | me. 
Perirenal cap- 1 | 8 | 17 (11-21) 2.28 + 0.21 | 280 
sule 2 6 | 14 26 (16-29)t 1.03 + 0.41} 360 
3 6 45 (35-52) 2.11 + 0.16 330 
Capsule about 1 6 16 (11-21) 2.70 + 0.22 
plastic 2\/4i{44% 25 (16-29)f | 1.61 + 0.23t 
3 | 5& | 45 (35-52) 2.65 + 0.12 | 


* These data are expressed as the mean plus or minus its standard deviation. 

t Fibrous tissue capsules were allowed to develop for 14 days before placing the 
guinea pigs on a scorbutigenic diet. 

t This mean is significantly different from the mean of Group 1 (P < 0.05). 


more than 400 mg., it was individually assayed for collagen, but, if it 
weighed less than this, two capsules were pooled for analysis. 

In addition to the thickening of the renal capsule a layer of fibrous tis- 
sue formed about the outside of the plastic wrapping. The collagen in 
this tissue, referred to as “‘capsule about plastic,” was also determined. 

The results of collagen determinations on these tissues (Table III) are 
in striking contrast to those of the previous experiments, for here we ob- 
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serve that the collagen concentration of the new tissue in the scorbutic 
guinea pigs was lower than in the normal animal. The small amount of 
capsule available decreased the reliability of these analyses. However, 
evaluation of histologic sections stained for collagen was confirmatory, for 
the capsular tissue from scorbutic animals appeared, in general, to have 
considerably less collagen than the normal. A possible interpretation of 
this apparent difference in behavior of the collagen of various tissues in 
ascorbic acid deficiency will be discssed below. 


DISCUSSION 


Is ascorbic acid required for the maintenance of formed collagen? Pre- 
vious studies (1, 2) showed clearly that scurvy resulted in little or no 
breakdown of organ collagen and the present data suggest a similar pat- 
tern for the collagen of new fibrous tissues. The conclusion in the case 
of the latter tissues must, however, be somewhat equivocal, for, although 
the collagen concentration of neither healed wounds nor of new subcuta- 
neous tissue decreased in acute scurvy, that of the fibrous tissue capsules 
formed in response to wrapping the kidney in plastic was significantly 
lowered. While these data might suggest that collagens from different 
tissues are dissimilar with respect to the requirement of ascorbic acid for 
maintenance, we are inclined to think that the differences are not inherent 
in the tissues but might be due to differences in the experimental con- 
ditions. When either dicetyl phosphate or Irish moss extract was injected 
subcutaneously, the material, and thus the fibrogenic stimulus, gradually 
disappeared and, as a result of resorption, the total amount of new tissue 
decreased between the 14th and 45th day. However, when the kidneys 
were wrapped, the plastic remained present throughout the experiment 
as a continuing stimulus to new tissue formation. Any new tissue which 
formed during scurvy would be expected to have less collagen than normal, 
since there is abundant histologic evidence (4) and confirming chemical 
evidence’ that ascorbic acid is required for the formation of new collagen. 
The low collagen concentration of the kidney capsules in scorbutic animals 
might be due to such an admixture of collagen-poor new tissue. If this 
process occurred, then the difference between the collagen of the kidney 
capsules and other newly induced collagen and organ collagen is only an 
apparent one. 

The view that the maintenance (in contrast to formation) of collagen 
does not require ascorbic acid is contrary to the view expressed or implied 
by Hunt (6) and some others (3, 11) that there is a reversion of collagen 
in scurvy. Changes which have been described as collagen degeneration 
or collagen atrophy are best seen in growing tissues and especially in tis- 
sues subject to physical stress. Follis has shown that such changes in 


7 Unpublished. 
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bones were prevented by immobilizing the limb in a plaster cast (12). 
The presence of “degenerate” collagen in scurvy would appear to be the 
result of an abortive new collagen formation in response to the stimulus of 
growth or trauma. Hunt’s experiment, which he believes shows that the 
newly formed collagen of a recently healed abdominal wound reverted to 
-precollagen, may have a similar explanation, for the present data (Table 
# I) show that collagen formation continues even though the wound has 
completely healed over. However, his conclusion was based on the study 
of the effects of scurvy on only one wound which had healed for 20 days 
in an adequately maintained guinea pig, and normal variability might 
have played a rdéle in his observation. The limitations of the chemical 
methods used in the present study do not permit us to exclude the pos- 
sibilities that either a very small fraction of the collagen (possibly that 


most recently laid down) requires ascorbic acid for maintenance or that a 7 
subtle change in the macromolecule occurs in scurvy (for discussion sce . 
Robertson (2)). Nevertheless, it would appear from evidence available at . 
the present that ascorbic acid is not needed for the maintenance of formed ‘ 
collagen, but only for the replacement of that fraction destroyed by wear 
and tear. 
SUMMARY 
Formation of collagenous tissue was induced in guinea pigs by pro- a 
ducing wounds, by subcutaneous injection of dicetyl phosphate or Irish ( 
moss extract, and by wrapping a kidney with plastic. 8 
The collagen concentration of the healed wounds or of the new sub- li 
cutaneous tissue was not lowered when the animals were made scorbutic; fi 
however, under the same conditions, the collagen concentration of the new 
tissue about the kidney decreased. I 
These results were discussed and it was suggested that the major portion n 
of induced new collagen, like organ collagen, does not require ascorbic e 
acid for maintenance. b 
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THE METABOLISM OF THE ORGANIC ACIDS OF 
TOBACCO LEAVES 


IV. EFFECT OF CULTURE OF EXCISED LEAVES IN SOLUTIONS 
OF CITRATE 


By HUBERT BRADFORD VICKERY anv CHESTER A. HARGREAVES, II* 


(From the Biochemical Laboratory of the Connecticut Agricultural Experiment Station, 
New Haven, Connecticut) 


(Received for publication, January 3, 1952) 


When excised tobacco leaves are kept in the dark and allowed to take 
up salts of organic acids from culture solutions through the base of the leaf, 
profound effects upon the organic acid composition of the tissue are ob- 
served. Where the acid is one that is metabolically allied with the acids 
normally present in this species, it enters readily into the reactions that 
appear to be continuously going on in the cells and greatly alters the compo- 
sition that would be anticipated from the behavior of control leaves cul-' 
tured in water. This has been shown to be true for malic, citric, d-isocitric, 
succinic, fumaric, and, although to a lesser extent, for lactic and pyruvic 
acids (1,2). An apparent exception to the rule is provided by oxalic acid 
(3), for this substance, although normally present in tobacco leaves in 
substantial quantities, does not seem to be connected by reversible equi- 
librium reactions with the other major organic acid components; when. 
furnished to leaves in culture solutions, it merely accumulates. 

The most easily detected of the reactions that occur in detached tobacco 
leaves cultured in water in darkness is the apparent transformation of 
malic acid into citric acid. This reaction takes place with little or no 
effect upon the total quantity of organic acids present and is a major meta- 
bolic event; as much as one-quarter of the malic acid present, or about 4 
per cent of the organic solids of the tissue, may become involved within 
a period of 48 hours. Preliminary experiments indicate that the reaction 
can be reversed by culturing the leaves in solutions of citrate, for, 
under these circumstances, malic acid increases (1,2). Accordingly, it has 
seemed desirable to examine more fully the behavior of the organic acids 
in tobacco leaves cultured in solutions of citric acid. 


EXPERIMENTAL 


Plants of Nicotiana tabacum, var. Connecticut shade-grown, were raised 
in the greenhouse from seedlings in both the 1949 and the 1950 season and 


* Present address, Department of Chemistry, Yale University. 
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were sampled,r espectively, after 63 and 47 days of growth. The leaves 
were collected by the statistical method (4), twelve samples of twenty-four 
leaves each being taken from twenty-four plants on July 25, 1949, and ten 
samples of twenty leaves each from twenty plants on July 18, 1950. Each 
sample contained two leaves from each of twelve (or ten) successive posi- 
tions on the stalk and one leaf from each of twenty-four (or twenty) plants. 
The influence upon composition exerted by the individual plant or by the 
position of the leaf was thus equalized among the samples. The limits 
within which the individual samples of each lot duplicated each other in 
fresh weight and nitrogen content are shown in Table I; the sampling 
error was manifestly small. 

The technique of the culture experiments was the same as in earlier work. 
The room in which the sample troughs were placed was controlled at 24° 
and 50 per cent relative humidity, and adequate circulation of air was 


Tasie I 
Variation in Initial Fresh Weight and Nitrogen Content of Samples of Tobacco Leaves 
Collected by Statistical Method 
1949 samples | 1950 samples 

143.1 + 2.4 244.0 + 4.3 
Coefficient of variation, 1.65 «1.76 

Mean total N, gm. per kg. initial fresh weight...... 4.49 + 0.065 4.82 + 0.016 
Coefficient of variation, 1.46 


provided by the air-conditioning apparatus. After the samples were in 
place and the culture solutions had been added to the troughs, the room 
was made completely dark save for a dim red light used occasionally during 
inspection. The culture periods were 24 and 48 hours in 1949, 48 hours 
in 1950. 

All of the samples increased slightly in fresh weight and none showed 
more than traces of mottling after 48 hours. The culture solutions were 
recovered and citric acid was determined both before and after use. The 
data obtained, however, furnished only a rough measure of the uptake of 
citric acid, although they were adequate to confirm the magnitude of the 
more reliable figures computed from the increases in alkalinity of the ash 
of the samples. 

At the end of the experiment, the samples were separately dried at 80°, 
the tissue was broken up and equilibrated to constant weight at 24° and 
50 per cent relative humidity, and was then ground in a Wiley mill. The 
samples were stored in the air-conditioned room, being removed only when 
subsamples were weighed out for analysis. All analytical results were 
computed in terms of 1 kilo of initial fresh weight of the samples. 
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1949 Experiment—The 1949 samples were used to examine the effects 
of the pH of the culture solutions and of the period of culture on the malic 
and citric acid content of the leaves. In the upper diagrams of Fig. 1, the 
alkalinity of the ash of the leaves is plotted as a function of pH at the left 
and as a function of time at the right. The leaves were initially at pH 5.1 
and, between the limits of pH 4 to 7 of the culture solution, alkali was 
taken up in increasing amounts with increase in pH, the curve for the 48 
hour period being nearly a straight line. The effect of pH was scarcely 
discernible at the end of 24 hours, except for the observation at pH 4. 
The curves in the right-hand diagram show that, save at pH 5, the salt 


' 
ALKALINITY OF ASH 


yw 


CALCULATED UPTAKE 
OF CITRIC ACID 


M.EQ. PER KILO INITIAL FRESH WEIGHT 
Ww 


pH HOURS 
Fie. 1. Effect of pH of culture solution and of period of culture on the uptake of 
alkali and of citric acid by tobacco leaves cultured in 0.2 m solutions of potassium 
citrate. The data refer to samples of an initial fresh weight of 1 kilo. 


was taken up at an approximately constant rate throughout the period 
studied, although the rates differed for each culture solution, being great- 
est at the highest pH. 

If it is assumed that culture solution passes into the cells with no selec- 
tion at the absorbing surfaces as between positive and negative ions, it is 
possible to compute the uptake of citric acid at each pH from the increase 
in alkalinity of ash by the use of factors derived from the dissociation 
curves of the acid plotted from the constants of Hastings and Van Slyke 
(5). The factors used in calculating the data plotted in the lower diagrams 
of Fig. 1 were, respectively, 41.5 percent at pH 4, 67.6 per cent at pH 5, 
91.4 per cent at pH 6, and 99 per cent at pH 7, these figures representing 
the percentage of the acidity of citric acid that is neutralized at each pH 
value. Such data are valid only as a first approximation, for the pH of 
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the tissues increased from 0.1 to 0.4 pH units in 48 hours. These changes 
suggest that there may have been a slight preferential absorption of po- 
tassium ions so that the values for the uptake of citric acid are a little over- 
estimated, the more so at the higher pH.' The data indicate, however, 
that the uptake of citrate ions is favored at low pH of the culture solution. 


T T T vin T 
450}- - 
350}- 
300i O HRS. ~ 
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100 
= 75 
50 
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= 
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Fic. 2. Effect of pH of culture solution and of period of culture on the organic 
acid composition of tobacco leaves cultured in 0.2 m solutions of potassium citrate. 
The data refer to samples of an initial fresh weight of 1 kilo. 


The time rate of uptake, save perhaps at pH 5, followed approximately 
straight line relationships and the influence of pH on this rate was small. 

The details of the effects on the organic acids of the leaves are shown in 
Fig. 2. The curve for total organic acids at 48 hours is quite similar in 
form to that for the alkalinity of ash (Fig. 1), although the points are all 
somewhat lower on the scale, suggesting the presence in the leaves of a 
small proportion of acids other than those which can be extracted from the 


! Other views of the situation are equally probable; for example, some of the ab- 
sorbed citrate may have been completely oxidized. 
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acidified tissue with ether. The curves for the time rate of increase, with 
the exception of that at pH 4, are nearly straight lines. The lowest curve 
in the right-hand diagram shows that culture in water brings about no 
significant change in the total organic acidity. 

The curves for the citric acid content of the leaves show a marked in- 
crease, as would be anticipated, but there was little effect of pH at the end 
of 24 hours of culture. However, within the limits of pH 4 to 6, the ac- 
cumulation of citric acid was favored by higher pH values at the end of 
48 hours. Comparison of the data with those for the uptake of citric acid 
in Fig. 1 shows that, except in one case, from one-half to two-thirds of the 
citrate ions taken up by the leaves disappeared as such; in the discrepant 
case (pH 6 at 48 hours) the figure was 39 per cent. 

At pH 4 and 5, the time rate of accumulation of citric acid followed 
approximately straight lines, but at pH 6 and 7 the rate of accumulation 
increased moderately in the second 24 hour period, suggesting that less of 
the external supply of citrate was metabolized during the 2nd day of culture 
under these conditions. In the control sample cultured in water, a normal 
increase of citric acid was observed, this, however, being much less than 
the increase in the samples cultured in citrate. 

The data for malic acid show some irregularity, in part because of the 
somewhat lower order of accuracy of the analytical method as compared 
with that for citric acid. However, it is clear that the course of the normal 
reaction that occurs when the leaves are cultured in water, as shown by 
the lowest curve in the right-hand diagram, is reversed in the leaves cul- 
tured in citrate. Notwithstanding the dispersion of the results at 24 hours, 
it seems to be true that formation of malic acid at 48 hours is little affected 
by the pH of the culture solution. 

The data for oxalic acid are not plotted since no significant effect upon 
the quantity of this substance present was observed. The mean oxalic 
acid content of the nine samples concerned was 30.1 + 2.2 m.eq. per kilo 
of initial fresh weight. The undetermined organic acids were essentially 
unchanged from their initial level of 58 m.eq. at the end of 48 hours of 
culture at pH 4, but increased to about 95 m.eq. at both pH 5 and 6, and 
to about 114 m.eq. at pH 7. Although no stress can be placed upon these 
figures, since they are computed by difference, it would appear that reac- 
tions that lead to the formation of the substances in this group are some- 
what stimulated by high pH values of the culture solution. 

In general, the data of the 1949 experiment support the view that the 
more significant effects of culture of tobacco leaves in citrate are made 
evident if solutions in the range pH 5 to 6 are used, and that a 48 hour 
period of culture is desirable in order to obtain conveniently large results. 

1950 Experiment—In order to ascertain whether or not the observed 
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effects on the organic acids are specific results of the use of potassium salts, 
comparative tests were made with sodium salts. The effect of concentra- 
tion of the culture solution was also studied. As controls, cultures were 
carried out in 0.2 m potassium sulfate, 0.2 m sodium sulfate, and in water. 

The culture solutions were analyzed for citric acid before and after use 
by the method of Hargreaves, Abrahams, and Vickery (6). The results, 
expressed as uptake of citric acid per kilo of initial fresh weight of leaves, 
are compared in Table II with data calculated from the increase in the 
alkalinity of the ash. Although the discrepancies are large, better agree- 
ment is perhaps not to be anticipated in view of the fact that the analyses 
involved the determination of a quantity of the order of 55 gm. of citric 
acid from which only from 2 to 4 gm. were removed by the samples (mean 


Taste II 
Uptake of Citric Acid Calculated from Analysis of Solutions and from Increase in 
Alkalinity of Ash 
Uptake of citric acid per kilo 
pH tration From From | 

meg. meg. per cont 

Potassium citrate............. 5 0.2 162 —10 
oe 6 0.2 224 171 +31 

5 0.1 147 108 +35 

5 0.2 181 191 —5 
“ re 6 0.2 213 154 +38 


‘ 


fresh weight, 244 gm.) during the culture period. Inasmuch as the ana- 
lytical method is accurate to about only 1 per cent, the second figure in the 
difference has little significance. Reliance was accordingly placed upon 
the calculation from the increase in the alkalinity of the ash, and, as an 
additional control upon this, determinations were made of the potassium 
content of the samples cultured in solutions of potassium salts. As is 
shown in Table III (Line 4), the increase in potassium, expressed in milli- 
equivalents, agreed satisfactorily with the increase in the alkalinity of the 
ash. 

The uptake of citric acid (Table III, Line 5), calculated by the use of the 
factors already mentioned, was little if at all influenced by the cation of the 
salt. From 0.2 m potassium citrate at pH 5 in 48 hours, the leaves ac- 
quired 180 m.eq. per kilo, from the sodium salt 191 m.eq. At pH 6, the 
analogous figures were 171 and 154 m.eq. respectively. Furthermore, the 
uptake from 0.1 m potassium citrate was close to one-half of that from 0.2 
M solutions at the same reactions. 
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If the citric acid found in the several samples is deducted from the calcu- 
lated quantity of citric acid acquired from the culture solution, an estimate 
is obtained of the quantity of citric acid metabolized (Table III, Line 7). 
Again no marked difference is to be seen between the effects of the potas- 
sium and sodium salts at the same pH and concentration. Furthermore, 
the proportion of the newly acquired citric acid which was metabolized 
(Table III, Line 8) was relatively constant at constant reaction of the 
culture solution, being about two-thirds at pH 5 and one-half at pH 6. 

The data for the malic acid content of the leaves indicate that a part of 
the citric acid that disappeared was transformed into malic acid. In the 
four experiments in which 0.2 m citrate was used, the molar ratios of the 
malic acid formed to the citric acid that disappeared ranged from 0.4 to 
0.6. Thus, roughly 2 moles of citric acid were metabolized during the 
production of 1 mole of malic acid. With 0.1 m citrate at pH 5, the ratio 
was also 0.4, but at pH 6 insufficient citric acid was taken up to reverse the 
normal reaction and the malic acid of the leaves decreased slightly in the 
course of the experiment. 

As in the 1949 experiments, there was no significant change in the oxalic 
acid content of the leaves; the mean oxalic acid content of the ten samples 
(Table III, Line 10) was 34.4 + 1.4 m.eq. per kilo. The data for unde- 
termined organic acids (Table III, Line 12) agree with the results of the 
other set of experiments in suggesting that the formation of these sub- 
stances is moderately stimulated at the higher pH of the culture solution. 

The behavior of the protein of excised tobacco leaves furnishes a sensitive 
index of the onset of the catabolic processes that are established soon after 
the leaves have been detached from the plant. Earlier studies (7) have 
shown that loss of protein can be demonstrated within 48 hours even when 
less accurate sampling methods than those now in use are employed. All 
of the data of the present experiments are consistent in showing that the 
decomposition of protein in leaves during 48 hours of culture in salt solu- 
tions, whether inorganic or organic, is stimulated in comparison with the 
effect observed in the control leaves cultured in water (Table III, Line 14). 
Furthermore, the stimulation is somewhat greater with culture solutions 
of organic salts at pH 6 than at pH 5. 

Determinations were also made of the soluble fermentable and unfer- 
mentable sugar (calculated as glucose) and of sucrose. The results are 
shown in Lines 15, 16, and 17 of Table III. More than half of the small 
amount of glucose initially present disappeared within 48 hours and the 
figures suggest that the utilization of glucose was slightly greater in the 
leaves cultured at pH 6 than at pH 5. But culture in solutions of salts 
did not lead to any outstanding increase in the utilization of glucose over 
that observed in the control leaves cultured in water. The unfermentable 
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carbohydrate showed negligible changes, but sucrose was utilized on the 
average to about the same relative extent as glucose and there was no 
evident difference between the amounts used in the leaves cultured in 
citrate and those cultured in water. 


DISCUSSION 


Equilibrium between Malic and Citric Acids—The present results confirm 
and extend earlier observations which indicated that, in tobacco leaves, 
malic and citric acids are members of what is doubtless a complex sequence 
of enzymatically controlled equilibrium reactions. The extent to which 
the reactions can be apparently reversed by culture in citrate in darkness 


M.EQ. METABOLIZED 


Fic. 3. Effect of pH of culture solution on the quantity of citric acid metabolized 
in tobacco leaves cultured in solutions of potassium and sodium citrate. The full 
lines refer to leaves of plants grown in 1949, the broken lines to leaves of plants 
grown in 1950. With the exception noted, all solutions were 0.2m. The data refer 
to samples of an initial fresh weight of 1 kilo. 


is not greatly affected by the pH of the culture solution at the end of 48 
hours, suggesting that the position attained is influenced mainly by in- 
ternal factors. Nevertheless, the quantity of citric acid that is metabolized 
is indeed materially influenced by the pH of the culture solution. The 
uptake of citric acid is favored by low pH of the culture solution (Fig. 1), 
while the accumulation of citric acid in the tissues is favored by high pH 
(Fig. 2). The net result is that larger quantities of citric acid disappear 
as such at low pH of the culture solution. The relationships are shown in 
Fig. 3 in which the data from the 1949 samples are plotted as full lines, 
those for the 1950 samples as broken lines. The sharp drop in the quantity 
of citric acid metabolized in the range pH 5 to 6 of the culture solution is 
evident, and the slopes of the lines from the different experiments are 
closely similar for the two lots of leaves. Also, the effect of culture in 0.1 
M citrate for 48 hours is nearly identical with that of culture in 0.2 m solu- 
tion for 24 hours. 


Na CITRATE 
100 Hour’ 
a’ 
0.1 M,48 HRS. 
Te ve te 
pH 
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Whatever may have been the fate of the larger quantity of citric acid 
metabolized at the lower pH of the culture solution, a nearly constant 
quantity of malic acid was produced regardless of pH (Fig. 2 and Table 
III, Line 9). Accordingly, reactions other than the apparent reversal of 
the transformation of malic to citric acid are of relatively greater quantita- 
tive importance at low pH of the culture solution. This is a further illus- 
tration of the complexity of the metabolic relationships among the organic 
acid components of leaf tissues. 

Discussion of the enzymatic mechanism whereby malic acid is converted 
to citric acid is doubtless premature at this time in view of the lack of 
information on the nature of the enzyme systems present in the tissues. 
Nevertheless, it seems possible that a reaction analogous to that catalyzed 
by the condensing enzyme of Stern and Ochoa (8) may occur. If it is 
assumed that the complete sequence of reactions of the Krebs tricarboxylic 
acid cycle is possible in tobacco leaves, two pathways are open for the 
stimulation of the formation of malic acid in leaves cultured in citrate. 
There may be simply a reversal of the effects of the condensing enzyme and 
its associated systems, or, alternatively, the added citrate may pass through 
the stages of isocitric acid, a-ketoglutaric acid, succinic acid, and fumaric 
acid to malic acid. That succinic and fumaric acids stimulate the forma- 
tion of malic acid in tobacco leaves has been demonstrated (1). The 
evidence that isocitric acid has a similar effect is less clear, however, since 
the experiment (2) revealed at most only a sparing action on malic acid, 
less being used than in the control leaves cultured in water. Thus an 
experiment in which a-ketoglutaric acid is tested becomes essential before 
the existence of this alternative pathway can be seriously considered ; this 
experiment has not yet been performed. 

Loss of Organic Solids—Although the individual samples of leaves took 
up from 5 to nearly 15 gm. of citrate ions per kilo, the organic solids changed 
but little in the course of the culture experiments. The maximum net 
gain was 0.7 gm., the maximum net loss 2.4 gm. Thus, a strikingly large 
proportion of the organic solids of the leaf system must have been respired. 
The pertinent data are collected in Table IV. In the last column, the 
losses of organic solids from the systems are computed as percentages of 
the initial organic solids of the leaves. Culture in water gave rise to losses 
by respiration of from 2 to 6 per cent in 48 hours, the two sets of samples 
behaving somewhat differently in this respect. Culture in 0.2 m citrate 
for 48 hours brought about an average loss of 16.8 per cent (eight cases; 
range 14.5 to 19.7 per cent), in 0.2 m citrate for 24 hours, an average of 
9.1 per cent (four cases) and in 0.1 m citrate for 48 hours, 8.9 per cent (two 
cases). In contrast, culture in 0.2 m sodium or potassium sulfate gave rise 
to losses only a little larger than those observed after culture in water. 
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The effect is only to a limited extent a function of pH of the culture 
solution and is not influenced by the nature of the alkali cation, but is 
clearly a direct function of the quantity of organic acid anion taken up and 
of the length of the culture period. The outcome is that a quantity of 
organic solids approximately equal to that supplied by the culture solution 
is oxidized to volatile products. Nevertheless, the increase in total organic 
acids, much of which was citric acid (Table III, Line 6), shows that at 


Taste IV 
Loss of Organic Solids by Respiration during Culture of Tobacco Leaves in Darkness 
Calculated Net | 
Concen- gain of | of Calculated 
Solution pH Time loss of organic 
= 
| per ig. gm. per he. cont 
| 24 0 | —2.3 | 2.3 2.9 
48 0 —-5.0 | 5.0! 6.3 
Potassium citrate........... 4 0.2 2 7.4 -—0.4 | 7.8) 9.8 
4 0.2 48 14.7 —-0.9 | 15.6 | 19.7 
5 0.2 24 8.0 —1.6 9.6 | 12.1 
5 0.2 48 13.2 —1.4 | 14.6) 18.4 
6 0.2 24 5.9 —0.1 6.0 7.5 
oe os 6 0.2 48 11.7 +0.2 | 11.5) 14.5 
“ 7 | 59 | 402 | 67) 7.1 
oe os 7 0.2 48 12.7 —0.5 13.2 16.6 
4S 0 —1.4 1.4, 1.9 
Potassium sulfate 5.9 0.2 488 O —2.2 2.2; 3.1 
Sodium sulfate............. §6 48 | 1.6; 2.2 
Potassium citrate 5 0.2 48 | 11.5 | 40.7 | 10.9 15.4 
6 0.2 £+0.5 | 10.5) 14.9 
§ 0.1 48 69 6.8 9.7 
Sodium citrate 5 0.2 4S 12.2 +0.2 12.0 17.1 
“ 6 0.2 48 9.8 —2.4 12.3 17.4 


| 


most only a part (maximum 40 per cent) of the newly acquired citric acid 
could have been respired. Furthermore, in similar experiments in which 
oxalate was supplied to tobacco leaves (3), this acid was found to accumu- 
late quantitatively as such although an equally great stimulation of the 
loss of organic solids by respiration was observed. 

The behavior seems in general to have analogies with that known as 
“salt respiration” or “anion respiration,” a phenomenon that has been 
chiefly studied in connection with the uptake of inorganic salts either by 
fibrous roots or by slices of fleshy root or tuber tissues. The increased 
uptake of oxygen which is observed is held to reflect the additional ex- 
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penditure of energy necessary to bring about the accumulation of inorganic 
ions in the cells against a concentration gradient (see Robertson (9) for 
an outline of the literature). 

The order of magnitude of the phenomena in root tissue and in tobacco 
leaves is similar. For example, Weeks and Robertson (10) found that 
disks of carrot root tissue suspended in 0.1 M potassium chloride took up 
oxygen at the rate of from 80 to 120 c.mm. per gm. of fresh weight per 
hour, the rate in water being about 70 c.mm. In the units of the present 
experiment, this is at the rate of 3.9 to 5.8 liters of oxygen per kilo of 
tissue in 48 hours when respiring in salt solution and 3.4 liters when respir- 
ing in water. Similarly, Steward and Preston (11) observed that potato 
tuber tissue respiring in extremely dilute potassium bromide solution liber- 
ated carbon dioxide at a rate the equivalent of 3.5 liters per kilo in 48 
hours, the respiratory quotient being 1.0. If it is assumed for the purposes 
of calculation that glucose is the actual substrate of the respiration in the 
tobacco leaves of the present experiments, the loss of 5 gm. of organic 
solids per kilo of leaves cultured in water for 48 hours (Table IV) would 
involve the uptake of 3.7 liters of oxygen while the average loss of 12.6 gm. 
of solids from the leaves cultured in 0.2 m citrate would imply an uptake 
of somewhat over 9 liters of oxygen. This figure, although high, is by no 
means unreasonable. James and Beevers (12) have observed normal rates 
of respiration far greater than this in the spadix tissue of Arum species 
during the period of rapid development. 

The extensive investigations of Steward and Preston (11, 13) on the 
effects of salt solutions on the respiration of disks of potato tuber tissue 
have shown that these effects are closely connected with the synthesis of 
protein from the stored soluble nitrogenous components of the cells. They 
are not at all closely correlated with the content of soluble sugars nor with 
the quantities of sugar produced by the hydrolysis of starch. Potato tuber 
tissue retains the capacity to grow, and Steward holds that the considerable 
part of the total respiration rate which is linked with the nitrogen metabol- 
ism is determined by the conversion of amino acids to protein rather than 
by the concentration of the protein or of the amino acids, The synthesis 
of protein appears to be regulated by such factors as the oxygen tension 
and the nature of the inorganic cations in the culture solution (calcium 
depresses the rate of respiration of potato tuber tissue), which in turn 
determine the activity of the enzymatic systems concerned with oxidation 
and with deamination reactions. 

To what extent these conclusions of Steward et al. may bear upon the 
present observations is not immediately clear. Excised tobacco leaves no 
longer retain the capacity to grow; on the contrary, catabolic changes are 
soon established, especially when the leaves are kept in the dark. That 
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decomposition of protein rather than synthesis had become significant after 
48 hours is evident from the data in Table III, Line 14. The catabolic 
effect was stimulated equally by inorganic and organic salts. However, 
the widely different functions of a storage tissue such as potato tuber as 
compared with leaf tissue must be borne in mind. The significant point 
is that both respond to the presence of salts in the solution in contact with 
the cells by an enhanced rate of respiration. 

Substrate of Respiration—From the data in Table III (Lines 1, 15, 16, 
and 17), it is clear that the loss of organic solids from the samples cultured 
in water or in inorganic salts can be largely accounted for if it is assumed 
that soluble carbohydrates furnished the greater part of the substrate of 
respiration. This is not possible with the samples cultured in citrate. In 
these, the losses of glucose were only slightly if at all stimulated, nor were 
the losses of sucrose greater than those observed in the controls, all being 
small. Tobacco leaves of this variety contain but little starch (7) so that 
there is no possibility that this substance could have provided the sub- 
strate for losses that ranged up to 17 per cent of the organic solids originally 
present. An estimate of the part of the newly acquired citric acid that 
may have contributed to the respiration loss can be obtained by subtract- 
ing the data for the increase in total organic acids (Line 11) from those for 
the uptake of citric acid (Line 5). The quantities found range from 70 
m.eq. (4.5 gm.) for the leaves cultured on 0.2 m potassium citrate at pH 5 
to 2 m.eq. (0.1 gm.) for the leaves cultured in sodium citrate at pH 6: 
the losses of organic solids in these two cases were 10.5 and 12.3 gm. (Table 
IV). Thus, neither the simple sugars nor the citric acid nor both together 
are sufficient to account for more than about one-half of the organic solids 
that disappeared during the culture period. This is not to deny that 
simple sugars or, at all events, substances from which organic acids can 
easily be produced by enzymatic reactions were the substrates of the greatly 
increased respiration observed; no other tenable hypothesis of respiration 
has yet been advanced. But it shows that a full explanation of the chemi- 
cal events will not be obtained until far more extensive information is 
available on the qualitative composition of such tissues. Evidence is also 
necessary on how these other at present unknown components can be drawn 
into reaction under the stresses imposed by the demand for energy for the 
transport of organic acid anions into the cells. 


Grateful acknowledgment is made to Marjorie D. Abrahams and Lau- 
rence 8. Nolan for technical aid, to Dr. A. N. Meiss for assistance in carry- 
ing out the experiments, and to the Department of Analytical Chemistry 
for the determinations of potassium. 
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SUMMARY 


Leaves of tobacco (Nicotiana tabacum, var. Connecticut shade-grown) 
cultured in darkness in solutions of potassium or sodium citrate increase 
in both malic and citric acid content in a manner consistent with the view 
that the normal conversion of malic acid to citric acid, which occurs in 
control leaves cultured in water, is reversed. Within the limits pH 4 to 7, 
the uptake of citrate ion is favored by low pH of the culture solution but 
the accumulation of citric acid in the tissues is favored by high pH. How- 
ever, the accumulation of malic acid at the end of 48 hours is little influ- 
enced by the pH of the culture solution. From one-half to two-thirds of 
the citrate ion taken up disappeared as such. No difference was observed 
between the effects of potassium and sodium salts. 

Culture of leaves in alkali salts of organic acids gives rise to an apparent 
stimulation of the respiration as compared with leaves cultured in water 
or in sodium or potassium sulfate and the analogy between the behavior of 
leaves and that of fleshy storage tissues with respect to the phenomenon of 
“salt respiration” is suggested. However, it is pointed out that the losses 
of organic solids from tobacco leaves can be only in part accounted for by 
losses of organic acids or simple carbohydrates. 
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MECHANISM STUDIES OF GLYCOGEN AND GLYCERIDE 
GLYCEROL BIOSYNTHESIS* 


By ALBERT P. DOERSCHUKf’ 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, November 28, 1951) 


It is well known that isotopic tracer studies of a complex system of inter- 
related reactions can determine the existence and magnitude of reaction 
sequences for transferring atoms from a given reactant to a particular 
product and also in many cases, usually through studies involving asym- 
metrically labeled reactants and including degradation of the products, 
establish parameters with which postulated mechanisms for the sequences 
must concur. Such studies have been reported for the system of inter- 
related reactions yielding liver glycogen; various non-uniformly labeled 
acetates, propionates, butyrates, lactates, and pyruvates (1-4) and valer- 
ate-1-C-4-C™ have been used as reactants (5). We have observed the 
appearance in liver glycogen and carcass glyceride glycerol of C admin- 
istered intraperitoneally to normal, intact, male albino rats as glycerol- 
1-C™ (6) and are now reporting degradation studies establishing the C™ 
distribution within those molecules. 


EXPERIMENTAL 


The experimental conditions for the synthesis, administration, and me- 
tabolism of glycerol-1-C™ and the procedures for isolating glycogen from 
the liver and crystalline glycerol tribenzoate' from the carcass glycerides 
were as reported previously (6, 7). The glucose from the liver glycogen 


* Presented at the meeting of the Twelfth International Congress of Pure and 
Applied Chemistry, September 10-13, 1951, New York. This investigation was sup- 
ported in part by a grant from the Nutrition Foundation, Inc. 

t Present address, Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York. 

1 A small quantity of non-radioactive glycerol was added to an aliquot of melted 
carcass lipides (after removal of acetone-insoluble lipides) and mixed thoroughly; 
the mixture was added to a water-petroleum ether system and partitioned bet ween 
the two solvents. The aqueous phase was filtered and extracted three times with 4 
volumes of petroleum ether; the glycerol remaining in the aqueous phase was benzo- 
ylated and the glycerol tribenzoate recrystallized as described before. Glycerol 
tribenzoate samples were mounted on sample pans and counted as described below. 
No radioactivity was detectable within the limits of precision of the measurements, 
indicating that the glycerol-C™ found in the carcass glyceride hydrolysates was 
present in the carcass glycerides in esterified form and not as free glycerol mechani- 
cally carried through the separation process into the glyceride fraction. 
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was degraded by the method of Topper and Hastings (2), which involves 
radioactivity measurements of (a) the glucosazone, (b) the 1,2-phenyl- 
hydrazone of mesoxalaldehyde arising from periodate oxidation of glucosa- 
zone and representing carbons 1, 2, and 3, (c) the formic acid arising from 
periodate oxidation of glucosazone and representing carbons 4 and 5, (d) 
the formaldehyde arising from periodate oxidation of glucose and repre- 
senting carbon 6, (e) the hydrogen cyanide arising from a Wohl degrada- 
tion and representing carbon 1, (f) the hydrogen cyanide arising from a 
double Wohl degradation and representing carbon 2._ From these data the 
radioactivity of each glucose carbon atom was calculated in a manner di- 
rect enough to avoid large cumulative uncertainties except in the case of 
carbons 4 and 5. The sum of the radioactivities of carbons 4 and 5 is 
known directly (c), and the resolution involves an assumption of symmetry 
equating the radioactivities of carbons 3 and 4 (2). The facts that the 
specific molecular radioactivity of (6) was half that of (a), that (c) equaled 
(b) minus (e), and that (d) equaled (e) support this assumption of isotope 
distribution symmetry about the center of the glucose carbon chain in this 
case. Varying quantities of non-radioactive carriers were added during 
the degradations, but in every measurement the observed uncorrected 
counting rate was at least 4 times the background and at least 2700 counts 
were recorded on the instrument. The glycerol tribenzoate was hy- 
drolyzed as described before (6) and degraded by periodate oxidation as 
described previously, a procedure we have demonstrated to be unaccom- 
panied by significant rearrangements or exchange (8). All radioactivities 
were determined with a windowless Q gas flow tube operated in the Geiger 
region, with sample mountings as described previously. 


RESULTS AND DISCUSSION 


The radioactivity distributions in the liver glycogen relative to carbon 
1 set at 1.0 and in the carcass glyceride glycerol relative to either primary 
alcohol carbon set at 1.0 are given in Table I. Several routes for glycogen 
formation from smaller intermediates are known (1-5). Apparently the 
possible route involving initial oxidation to acetate-2-C", leading through 
the tricarboxylic acid cycle (9, 10) and producing glucose-1 ,2,5,6-C" 
from oxalacetate-3-C™ and oxalacetate-2-C", a route of interest because 
it results in the appearance of C" in positions 2 and 5 of glucose without 
CO, or CO, as an intermediate, did not play a major part in glycogen 
formation in these animals, as it would lead to the appearance of more 
C* in positions 1 and 6 than in positions 3 and 4, contrary to the observed 
results. The results are consistent with initial oxidation and phosphoryla- 
tion to dihydroxyacetone phosphate or p-3-phosphoglyceraldehyde or both 
followed by the known reactions of glycolysis, the appearance of C™ in 
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positions 2 and 5 of glucose, and the increase of C" concentration in po- 
sitions 3 and 4 over that in positions 1 and 6 ascribable largely to CO, 
fixation by B-carboxylation of pyruvate. 

The relatively high quantity of C™ found in the secondary alcohol car- 
bon of the glyceride glycerol indicates that randomizing processes played 
an important part in its formation. This suggests that one of the routes 
for its biosynthesis includes a reduction to glycerol or to a substituted 
glycerol of an intermediate in a higher state of oxidation, since all the 
randomizing processes at present accepted involve as intermediates ma- 
terials in a higher state of oxidation than glycerol or its substitution 


products. 


Tasie I 
Distribution of C' in Liver Glycogen Relative to C-1 Set at 1.0 and in Carcass Glyceride 
Glycerol Relative to C-1 or C-3 Set at 1.0 
Normal, intact, male albino rats 24 hours after intraperitoneal administration of 
glycerol-1-C™. 


Liver glycogen Carcass glyceride glycerol 
C-l 1.0 1.0 
C-2 0.19 0.44 
C-3 1.2 1.0 
C-4 1.2 
C-5 0.22 
C-6 1.1 

SUMMARY 


The distribution of the C“ in the liver glycogen and carcass glyceride 
glycerol of normal, intact, male albino rats (approximately 350 gm.) 24 
hours after the intraperitoneal administration of approximately 30 mg. 
doses of glycerol-1-C™ has been established through measurements of the 
radioactivities of suitable degradation products. 

The distribution of liver glycogen C™ is consistent with initial oxidation 
and phosphorylation to dihydroxyacetone phosphate or p-3-phosphoglyc- 
eraldehyde or both, followed by the known reactions of glycolysis, the 
randomization of C™ occurring primarily through known processes in- 
volving CO, fixation by 8 carboxylation of pyruvate. The high incorpora- 
tion of radioactivity observed into the secondary alcohol position of the 
carcass glyceride glycerol, approximately 18 per cent of the total in the 
molecule, indicates that randomizing processes played a part in its forma- 
tion in these experiments and suggests that reduction of an intermediate 
in a higher state of oxidation to glycerol or to a substituted glycerol oc- 
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curred as part of at least one of the pathways leading from free glycerol to 
carcass glyceride glycerol. 


The author wishes to express his appreciation to Miss Barbara P. Brown 
for technical assistance. 
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ISOLATION OF A POLYGLYCEROL PHOSPHATIDE FROM 
THE ALCOHOL-INSOLUBLE PHOSPHATIDES 
OF DOG LIVER* 


By J. M. McKIBBIN anp WANDA E. TAYLOR 


(From the Department of Biochemistry, State University of New York, Medical Center 
at Syracuse University, Syracuse, New York) 


(Received for publication, December 5, 1951) 


Methods have been developed in this laboratory for the purification of 
tissue lipide extracts and for the determination of their nitrogenous compo- 
nents (1-3). These methods have been useful in guiding the concentration 
of some of the unknown acetone- and alcohol-insoluble lipides of liver and 
blood plasma. This paper describes a solvent and chromatographic frac- 
tionation procedure for the partial resolution of the alcohol-insoluble phos- 
phatides of dog liver. By use of this technique a polyglycerol phosphatide 
has been separated and concentrates of several other unknown phospha- 
tides have been obtained. Some preliminary data on the composition of 


the polyglycerol phosphatide are included. 
Fractionation Proced 

Livers from freshly sacrificed dogs were used exclusively in this work. 
The livers were quickly cut into small pieces, frozen on dry ice, ground, 
and extracted, and the extracts in chloroform solution were purified by 
repeatedly emulsifying in aqueous MgCl, solution as previously described 
(1). 

Acetone Precipitation—Liver lipides, equivalent to about 1.5 mm of lipide 
phosphorus in 30 ml. of CHCl;, were placed in a centrifuge bottle and 
precipitated with 150 ml. of acetone. After refrigeration overnight the 
mixture was centrifuged and the supernatant decanted. The precipitates 
were combined in groups of four, concentrated, and reprecipitated from 30 
ml. of chloroform with 150 ml. of acetone. The original supernatants were 
combined in groups of four and concentrated to dryness, and the precipita- 
tion repeated in the same fashion. The precipitates harvested from the 
concentrated supernatants were then reprecipitated in the same way and 
all precipitates were combined. In our experience about 95 per cent of the 
lipide phosphorus is precipitated by this procedure. Occasionally a third 
concentration of supernatants is required for this yield. 

Alcohol Precipitation—Liver phospholipides (acetone precipitate), equiv- 

* This work was supported by a grant from the Life Insurance Medical Research 
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alent to about 7.5 mo of lipide phosphorus in 25 ml. of CHCl;, were placed 
in a centrifuge bottle, 180 ml. of 95 per cent ethanol were added, and the 
mixture was placed in a deep freeze cabinet overnight. The mixture was 
centrifuged and the supernatant decanted. 20 ml. of ethanol were added 
to the precipitate and the mixture was warmed to dissolve any remaining 
alcohol-soluble phosphatides. The mixture was left in the deep freeze cab- 
inet overnight. The alcohol washings were decanted after centrifugation 
and the washed precipitate was dissolved in CHCl; for chromatographic 
fractionation. The alcohol precipitate is dark brown in color and has an 
N:P molar ratio of 0.90 to 0.95. The composition of this fraction is given 
in Table I. 

First Chromatographic Fractionation—18 gm. of analytical reagent silicic 
acid (Mallinckrodt No. 2844) are shaken with 150 ml. of acetone and cen- 
trifuged, the acetone is decanted, and the procedure repeated. 18 gm. of 
purified Celite' are added to the silicic acid and mixed thoroughly with 
CHCl, and the mixture is poured into a 19 mm. tube plugged with cotton 
and placed in a suction flask. 130 ml. of CHCl; in all are used in this 
transfer. The column is packed down and washed with 30 ml. of additional 
CHCl;. The alcohol precipitate fraction, equivalent to 1.3 mm of phospho- 
lipides contained in 20 to 40 ml. of CHCl;, is placed on the column and 
the column washed with 30 ml. of CHCl,;, followed by 120 ml. of 2 per cent 
by volume of methanol in CHCl;. This eluate contains no phospholipides 
and is discarded. The column is then eluted with a total of 250 ml. of 11 
per cent methanol in CHCl;. A dark brown ring of eluted lipide immedi- 
ately passes down the column and collects in the flask. This is followed 
by a light amber solution of lipides which continues to flow from the column 
throughout most of the elution. The receiver is changed at the end of the 
flow of dark material so that two separate eluates are collected from this 
elution mixture. The dark material, hereafter designated as Fraction A, 
contains about 30 per cent of the total lipide phosphorus on the column 
and differs notably in composition from that of the original mixture (Table 
I). The material is free of choline phosphatides and contains a high pro- 
portion of phosphatides low or free of nitrogen bases. It is rich in inositol 
phosphatides and contains a sphingolipide which is not sphingomyelin. 

The other lipides on the column are partly eluted with the rest of the 
11 per cent methanol and partly with increasing concentrations of methanol 
in the eluant mixture. Only 85 to 90 per cent of the lipides on the column 
are recoverable, however, even with eluent mixtures of 80 per cent meth- 
anol in CHCl;. Acid and aqueous eluents cause some hydrolysis of the 


1 Hyflo Super-Cel, Johns-Manville. This material is rendered free of elutable 
substances by washing with water six times, absolute methanol three times, and 
finally with acetone twice. 
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lipides. The lipide mixtures eluted by percentages of methanol above 11 
per cent vary considerably in their composition, depending on the actual 
percentage of methanol used. Generally they contain greater quantities 
of choline phosphatides and have N:P ratios greater than the original alco- 
hol precipitate fraction. Selection of the proper sequence of eluents here 
would accomplish much in the ultimate resolution of this mixture. 

Alcohol Fractionation of Fraction A—Fraction A preparations from two 
chromatograms described above are concentrated to dryness under reduced 
pressure, taken up in 9.3 ml. of toluene, and precipitated with 65 ml. of 
methanol. The mixture is allowed to stand overnight at room temperature 
and then decanted and the supernatant is centrifuged. The clear super- 
natant is decanted. The precipitates are taken up in CHCI; and combined. 
The supernatant contains about 40 per cent of the lipide phosphorus and 
the precipitate 60 per cent. The N:P ratios are 0.41 to 0.43 and 0.47 to 
0.51, respectively. The precipitate is darker in color and has about 3 
times the optical density at 470 my as the supernatant per unit of lipide P. 

Chromatographic Fractionation of Alcohol Supernatant Fraction of Frac- 
tion A—The alcohol supernatant fraction from Fraction A described above, 
equivalent to 220 um of lipide P in CHC}, solution, is placed on a silicic 
acid-Celite column prepared exactly as described above. The column is 
first eluted with 200 ml. of 3.25 per cent methanol in CHCl;. This elu- 
ate contains very little phospholipide but some nitrogen-containing lipide 
which would otherwise contaminate the following fraction. The column 
is then eluted with 125 ml. of 6 per cent methanol in CHCI;. This eluate 
contains the polyglycerol phosphatide or phosphatides in highly concen- 
trated form. A pool of eighteen such preparations had an N:P molar ratio 
of only 0.072 and comprised about 11 per cent of the total phospholipides 
of the alcohol supernatant fraction. The composition of this phosphatide 
will be considered. The column is then eluted with 125 ml. of 9 per cent 
methanol in CHCl;, 125 ml. of 12 per cent, 150 ml. of 20 per cent, and 
finally with 150 ml. of 80 per cent methanol in CHC], respectively. These 
eluates have marked differences in their composition, as shown in Table I. 


Composition of Polyglycerol Phosphatide 

The largest of the three different preparations of the polyglycerol phos- 
phatide which have been made was prepared from about 40 ma of alcohol- 
insoluble phosphatides (corresponding to about 735 gm. of dry lipide-free 
liver) and weighed 526.8 mg. It is a faintly straw-colored, almost waxy 
solid which is freely soluble in chloroform, chloroform-methanol (1:1), quite 
soluble in acetone, and insoluble in methanol, petroleum ether, and ethy! 
ether. The material films on drying under nitrogen or air and in contact 
with ethyl ether. The film resulting is much less soluble in the solvents 
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which dissolve the original material. The preparation contains 644 um of 
phosphorus (3.79 per cent by weight) and 46 um of nitrogen (0.122 per 
cent N by weight), presumably from nitrogen-containing lipide impurity. 
About two-thirds of the nitrogen is sphingosine nitrogen from contaminant 
sphingolipide, possibly fatty acid amides of sphingosine. The N:P molar 
ratio is therefore 0.072. The total fatty acid determined by chromic acid 
oxidation (4) and expressed as stearic acid is 273.5 mg. or 962 um. The 
total fatty acid determined by titration after hydrolysis is 1030 um. If the 
sphingolipide is assumed to be present as sphingosine amides and a correc- 
tion is made for the fatty acid of this contaminant, a titration value of 
1000 um is obtained. The fatty acid to phosphorus molar ratios for the 
two methods are therefore 1.495 and 1.554. Total glycerol, as determined 
by the method of Blix (5), is 837 um and the glycerol to phosphorus molar 
ratio is therefore 1.30. This method, however, yields recoveries of only 
87 to 88 per cent in our hands. If this value is corrected for a recovery 
of 87 per cent, the glycerol content of the material would be 962 um and 
the glycerol to phosphorus molar ratio would be 1.49. The preparation 
gives no Molisch test and no biological activity whatever for inositol (6) 
after prolonged acid hydrolysis. 

Hydrolysis—Several hydrolyses of the phosphatide with aqueous HCl 
have been carried out. The hydrolysis involving the most material was 
accomplished as follows: An aliquot of the preparation equivalent to 290 
um of lipide phosphorus was freed of solvent and boiled on a sand bath for 
1.5 hours with 35 ml. of 5.5 nw HCl. The hydrolysate was then extracted 
with three portions totaling 75 ml. of CHCl;. The aqueous phase was then 
concentrated to dryness under reduced pressure on a hot water bath. An 
additional 10 ml. of water were added and removed under reduced pressure 
for maximum removal of the HCl. The residue was then taken up in 20 
ml. of water and a titration curve carried out with standard NaOH. The 
aqueous solution was found to contain 273 um of total phosphorus of which 
19.8 um were inorganic phosphorus. The chloroform extract of the hydrol- 
ysate contained 4.1 um of phosphorus. The aqueous solution was then 
reacidified with HCl and concentrated to dryness under reduced pressure. 
The residue was transferred to a centrifuge tube with water totaling 4.6 ml. 
Solid Ba(OH), was added to an excess for the phenolphthalein color change. 
A considerable amount of precipitate appeared which was centrifuged and 
the clear supernatant decanted. The supernatant was treated with an 
equal volume of absolute ethanol and the barium glycerophosphate precipi- 
tated immediately. After standing overnight the mixture was centrifuged 
and the supernatant decanted. The precipitate was washed twice with 
1.0 ml. portions of 50 per cent ethanol. It was then dissolved in 2.7 ml. 
of water and the insoluble material removed by centrifugation. The clear 
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supernatant was decanted and an equal volume of absolute ethanol added. 
The precipitate formed was washed with 1.0 ml. of 50 per cent ethanol 
and dried to constant weight at 139°. The barium glycerophosphate ob- 
tained weighed 23.9 mg. 


C,H;PO,Ba 
Theoretical Found 
mg. me. 
Phosphorus............. 2.41 2.32, 2.33, average 2.325 
10.7 10.3 
7.15 6.33, 6.47, average 6.40 


* Corrected for 87.5 per cent recovery. 


The water-insoluble barium salt was washed twice by suspension in 1.0 
ml. of water and redissolved with 5 drops of 4 Nn HCl and 1.5 ml. of water. 
The small amount of insoluble material was centrifuged and the clear super- 
natant treated with 2.3 ml. of saturated Ba(OH),. The precipitate formed 
was washed twice with 1.0 ml. portions of water and then redissolved with 
4 n HCl as before. The barium salt was then precipitated by adding 1.0 
ml. of 3 Nn NaOH. It was washed three times with 1.0 ml. portions of 
water and dried to constant weight in an oven at 142°; weight 15.1 mg. 


mg. per cent 
0.892 5.91 
2.84 18.8 


Molar ratio of Ba: P:glycerol, 1.072:1:1.072 
* Corrected for 87.5 per cent recovery. 


This water-insoluble barium salt has been prepared from three different 
hydrolysates. The values for barium and phosphorus given above are less 
than for barium glycerophosphate (44.7 per cent and 10.09 per cent, re- 
spectively). The material is apparently the barium salt of a phosphoric 
acid ester of glycerol combined with some other substance which has not 
been identified. 

The titration curve of the original hydrolysate shows distinct buffering 
in the pH range between the first 2 hydrogen ions of phosphoric acid or 
esters of phosphoric acid. It is probable that a carboxylic acid is present 
in the hydrolysate in a molar concentration approximating one-half that of 
the phosphorus. This acid is not precipitated by barium in aqueous or 
50 per cent ethanol solutions and may be obtained from the final barium 
alcohol supernatants by continuous ether extraction. It has not yet been 
identified. 

Chromic acid oxidation of the intact phosphatide reveals substantial oxi- 
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dation in excess of that produced by the fatty acids alone, whether the 
acids are isolated from acid or alkaline hydrolysates. Expressed in micro- 
moles of oxygen consumed for micromoles of phosphorus, the values are 
26.6 and 27.3. Since the known amounts of glycerol present would only 
consume 10.5 um of oxygen, there appears to be further evidence for the 
presence of other hydrolysis products. 

Fatty Acids—The chloroform extract of the hydrolysate was dark in 
color, although the parent lipide is almost colorless. The color change 
occurs at the beginning of the hydrolysis. The fatty acids were washed 
with water and then titrated with standard alkali with brom thymol blue 
to avoid titration of the small quantity of sphingosine impurity. The 
equivalent weight of the acids, after correcting for sphingosine, was 322. 
Since the determination of the fatty acids by chromic acid oxidation gives 
values slightly lower than the titration values when expressed as stearic 
acid, the high equivalent weight cannot be accounted for by long chain 
fatty acids. ‘The sample of acids contained negligible amounts of peroxides 
but very appreciable amounts of hydroxyl groups (averaging 0.719 acetyl 
group fixed per molecule of acid). The determination of unsaturation with 
Wijs’ iodine solution gave an average value of 1.20 double bonds per mole- 
cule, whereas this test run on the intact phosphatide gave 1.11 double bonds 
per molecule. The nature of unsaturation (conjugated or non-conjugated 
double bonds) and the possibility of oxidation resulting in hydroxyl groups 
along the chain make the interpretation of these measurements difficult in 
terms of the nature of the fatty acids in the original phosphatide. 


DISCUSSION 


The fractionation scheme outlined above demonstrates the notable com- 
plexity of tissue lipide extracts and offers an approach to the resolution of 
the mixture into its individual components. Chromatographic separations 
have not been extensively employed in the isolation of the essential lipides. 
Several notable recent isolations, such as the phosphatidy] serine (7), di- 
phosphoinositide (8), and cardiolipin (9), have been accomplished without 
the use of this technique. Trappe (10-12) demonstrated that the essential 
lipides could be separated into groups by chromatographic adsorption, but 
he did not attempt to resolve the most firmly adsorbed group, the phospho- 
lipides, by this technique. Chromatography has been used for the separa- 
tion of the choline-containing phosphatides from the non-choline-containing 
ones (13) and for the isolation of the gangliosides (14), egg phosphatidyl 
choline (15), and the acetal phosphatides of brain (16). The use of chro- 
matography in the separation of fatty acids, fat-soluble pigments, and 
vitamins is well established. However, resolution of the phosphatide mix- 
ture by chromatography is made difficult because of the tenacity with 
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which they cling to the adsorbents. The more potent acid and aqueous 
eluents, in our experience, are dangerous to use because of hydrolysis. We 
abandoned the use of MgO (13) because we were unable to elute satisfac- 
torily the non-choline-containing group in which we were interested. Sili- 
cic acid (10-12) is fairly satisfactory, although recovery is still not complete. 

This scheme of fractionation for the separation of the polyglycerol phos- 
phatide depends on the use of the alcohol precipitate fraction of the liver 
phospholipides. Alcohol precipitation specifically separates the choline- 
containing phospholipides into two groups: (1) those that may be eluted 
from the silicic acid-Celite columns with 11 per cent methanol in CHC), 
and (2) those which are not. If the alcohol-soluble phosphatides of liver 
are placed on the column, fully 70 per cent may be eluted with 11 per cent 
methanol. This eluate has a choline to P molar ratio of 0.90, whereas that 
prepared from the alcohol precipitate fraction is essentially choline-free. 

The homogeneity of the phosphatide is open to question. The amount 
of nitrogen remaining in several preparations of the phosphatide has ranged 
from 7 to 10 per cent of the phosphorus on a molar basis. In the prepara- 
tion described about two-thirds of the nitrogen is sphingosine nitrogen. It 
is probable that the nitrogen-containing lipide impurity comprises roughly 
5 to 8 per cent of the preparation. The homogeneity of the remaining 92 
to 95 per cent of the material has not been established. The absence of 
inositol phosphatides and the simple molar ratios of the hydrolysis compo- 
nents which have been measured would indicate homogeneity of the non- 
fatty acid part of the molecule. The latter criterion, however, is a precari- 
ous one. The complete characterization of the fatty acid moiety should 
give more information on this question. 

The possibility that the substance is an artifact arising from the splitting 
off of a nitrogen base in preparation has been considered. Our method of 
preparation, employing immediate freezing of the fresh tissue, should mini- 
mize enzymatic hydrolysis. The possibility of hydrolysis during chromat- 
ographing appears unlikely in view of the avoidance of acid and aqueous 
eluents. It should be pointed out that lipides relatively rich in phosphorus 
and poor in nitrogen are present in considerable amounts in the original 
alcohol-insoluble fraction. This fraction has an N:P ratio of 0.90 to 0.95 
and contains 15 to 16 per cent of its nitrogen as sphingosine nitrogen. 
Therefore a fifth to a quarter of the phosphatides of this mixture would 
be expected to contain on an average of 1 more phosphorus atom than ni- 
trogen. 

The fractions of the alcohol supernatant eluted by concentrations of 
methanol above 6 per cent (Table I) show rather striking differences in 
composition. The sphingolipides tend to elute at lower concentrations of 
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methanol, whereas the amino nitrogen lipides and inositol lipides elute at 
higher concentrations. All of the eluates contain serine or amino acid phos- 
phatide, ranging from 3 to 7 times the concentration found in the original 
liver phospholipides. The phosphatides containing the unknown nitrogen 
base appear to be concentrated in the 9 per cent and 80 per cent eluates. 
These fractions would appear to be good starting materials for the isolation 
of the inositol phosphatide, the unknown nitrogen-containing lipides, and 
possibly the serine phosphatides. Work on the isolation of these sub- 
stances is now in progress. The presence in these fractions of a sphingo- 
lipide which does not contain choline is of some interest. Cerebrosides 
are absent in liver lipides and the sphingosine amides have not been isolated 
as yet from liver. It seems likely that the latter may account for the 
sphingosine content of these fractions. At all events our previous inter- 
pretation of liver lipide sphingosine as a measurement of sphingomyelins 
is erroneous (17). 


The authors are indebted to Miss Carol Thomas for valuable technical 
assistance in this work. 


A solvent and chromatographic fractionation procedure has been devised 
for the partial resolution of the alcohol-insoluble phosphatides of liver. 
By use of this technique a polyglycerol phosphatide has been separated 
and concentrates of several other unknown phosphatides have been ob- 
tained. 

The polyglycerol phosphatide is entirely free of inositol lipides and con- 
tains minimum amounts of nitrogen-containing lipides. It contains glyc- 
erol, phosphorus, and fatty acid in the molar ratios of 3:2:3. Glycerophos- 
phoric acid has been isolated from hydrolysates, together with a phosphate 
ester of glycerol combined with some unknown substance. 
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AUXIN-LIKE ACTIVITY OF SYSTEMATICALLY SUBSTITUTED 
INDOLEAC ETIC ACID* 


By OTTO L. HOFFMANN, SIDNEY W. FOX, ann MILON W. BULLOCK 
(From the Botany and Chemistry Departments of Iowa State College, Ames, Iowa) 


(Received for publication, December 8, 1951) 


Recorded studies of the relationship between structure and biological 
activity of indoleacetic acid (IAA) analogues have been concerned mainly 
with alterations in the non-benzenoid portion of the molecule (1-5). Some 
results with 2-methyl IAAs substituted in the benzene ring (6, 7) and with 
methoxy [AAs (8) have recently been reported. Availability of a number 
of IAAs substituted by two partially new methods of synthesis (9, 10) 
has now made it possible to study the effect of substitution of each hy- 
drogen atom in the ring system. This work has led also to the uncovering 
of substances with phytological activity which is interesting from a utili- 
tarian point of view. 

Attempts to gain insight into correlations other than those involving 
various sites of substitution were made. Both halogen and methyl sub- 
stituents were employed, halogen in part because of its known inhibition — 
of mammalian catabolizability of chloropheny! residues, as exemplified in 
the case of DDT (11). One fluoro IAA was synthesized in the belief that 
if activity of such a compound were found to be greater than that for the 
chloro analogue, as in halogenated amino acids tested as antagonists (12), 
anti-I[AA activity might be demonstrated. Availability of 2-carboxy IAAs 
and of 2-methyl IAAs also made it possible to determine whether the 
effects of further nuclear substitution were parallel to those in the parent 
acid. 


EXPERIMENTAL 


Materials—Preparation of fourteen of the sixteen substituted IAAs and 
of the 4-chloro-IAA:6-chloro-IAA eutectic has been described in earlier 
papers from one of these laboratories (6, 9, 10). 2-Carboxy-IAA was 
collected as a by-product in syntheses of IAA (13) and was also synthe- 
sized from ethyl acetoglutarate (14) through the phenylhydrazone (15). 
2-Methyl-IAA (1) was prepared by Fischer ring closure of levulinic acid 
phenylhydrazone with ethanolic sulfuric acid. 

Methods—The pea stem technique was used substantially as described 
by Went (16). Test solutions were diluted from a stock solution at 10 


* Journal Paper No. J-2035 of the Iowa Agricultural Experiment Station, Project 
1110, and Project 1139. 
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parts per million. In each test, five split pea stems were placed in 40 ml. 
of solution in Petri dishes. Data were obtained 20 hours after immersion 
of the stems. 

Bonny Best plants 7 inches high were used for the tests with tomatoes. 
The substances were applied in lanolin, unilaterally on the stem approxi- 
mately 14 inches below the tip, and on a petiole of one of the upper leaves. 


Taste I 
Activity of Substituted Indole-8-acetic Acids on Tomato Plants and Split Pea Stems 
Cell elongation on Cell proliferation Curvature 
10 | 31 | 10 | 031 
IAA... 4% + | 66664) 65555) 54444) 44443 
4-CI-IAA +++ |++++/++++) 66666) 66665, 66665) 54444 
5-CI-IAA... ........ +++ 66664) 66666 66544) 54432 
6-CI-IAA............ +++ +++ +++ 66665) 66433) 66665) 66444 
7-CI-IAA. . + 66544) 22211) 33332 21110 
5-F-IAA......... ++ +++ | 66666) 66654) 66555 55443 
4-Cl-IAA:6-CI-IAA. ++++ 66665 66555) 66555 
1-Me-IAA......... 0 0 22211) 11100, 00000) 00000 
2-Me-IAA...... 0 — | 66665) 22110) 20000) 00000 
5-Me-IAA _ ++ — | +++ | 65555) 54422) 44443) 22111 
2-COOH-IAA.....| 0 | O 0 0 00000, 00000 
| + | | + | 66655} 65552] 32100) 10000 
2-Me-7-CI-IAA.....| - | 0 — 11100} 00000) 00000) 00000 
2-COOH-5-Br-IAA. 0 | 0 + 0. 09000} 00000) 00000 
2-COOH-5-Me-IAA.| 0 | 0 0 | | 00000 00000} 00000 
- 0 — @ | 00000} 00000} 00000) 00000 
5,7-DiCl-IAA...... | 0 ++ | + 11000 11100) 11100 
2-Me-5,7-diCl-IAA.. - 0 00000 
* Comparative degree of epinasty. 


t Swelling at point of application, slight, +; severe, ++ ; severe, with swelling 
on rest of stem, +++; severe on entire plant, stunted growth, ++++; test not 
performed, —. 

t Each digit represents the curvature of an individual stem (Went's method of 
scoring curvature). 


Concentrations of chemical in the lanolin were 1 and 10 per cent, except in 
those cases in which the amount of substance available was insufficient 
for the 10 per cent test. The epinastic response was graded after 24 hours 
on a scale of 0 to 4. The degree of cell proliferation was graded 2 weeks 
after application on a scale of 0 to 4. This test was repeated twice. The 
second test set is reported in this paper and typifies the results. Field 
corn was sprayed with 4-Cl-IAA:6-Cl-IAA eutectic when it was 45 inches 
in extended height and tassels were approximately 3 inches long. 
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Results 


Most of the results obtained are recorded in Table IL. It can be seen 
that substitution of methyl, carboxy, or halogen radicals for hydrogen 
affects the performance of IAA. If the substances are arranged in de- 
scending order of effectiveness in the 2 weeks test on tomato plants, and 
with consideration of slight differences not expressed in Table I, the series 
is as follows: 4-C1:6-Cl eutectic = 4-Cl > 6-Cl > 5-Cl > 5-F > 5-Me 


Fia. 1. Response of tomatoes to LAA compounds at « concentration of 1 per cent 
in lanolin, photographed 24 hours after treatment. First row, left to right, lanolin 
check, IAA, 4-CI-IAA, 6-CI-LAA, 5-CI-IAA, 7-CI-IAA. Second row, left to right, 
lanolin cheek, LAA, 2-Me-IAA, 5-Me-IAA, 2-Me-5-CI-IAA, 2-Me-7-Cl-IAA. Third 
row, left to right, lanolin check, IAA, 2-Me-5,7-diCl-IAA, 5,7-diCl-LAA, 2-COOH- 
IAA, 5-F-IAA. Fourth row, left to right, lanolin cheek, LAA, 4-Cl:6-Cl eutectic, 
5-Br-2-COOH-LAA, untreated check. 


> IAA > 2-Me-5-Cl = 7-Cl > 5,7-diCl > 2-COOH-5-Br. Those with 
the substituents 1-Me, 2-Me, 2-COOH, 2-Me-7-Cl, 2-COOH-5-Me, 2- 
COOH-7-Cl, and 2-Me-5 ,7-diCl were ineffective in causing either epinasty 
or swelling of tomato tissues, although some of these did produce curvature 
of pea stems. None of the substituted [AA compounds exhibited « forma- 
tive effect on tomato foliage. 

Although chemicals were not available with the same monosubstituent 
in each position on both rings, it was possible to rate the various positions 
on the nucleus with regard to their influence on activity. In descending 
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order, single substitution in the 4 and 6 positions on the ring gave inerecsed 
effectiveness over unsubstituted LAA. Monosubstitution in the 5 position 
did not lead to increased cell elongation but did cause increased cell pro- 
liferation. Monosubstitutions in the 7, 2, and | positions decreased the 
effectiveness of the molecule. Monosubstitution in the 7 position caused 
greater cell proliferation than was expected from the small effect on cell 
elongation. 

The effects of some of the substances on growth of tomato plants are 
shown in Fig. 1. The 4-Cl-TAA:6-CL-IAA eutectic was very toxic to field 
corm. An application rate of | pound per acre killed much of the leaf area 
and the terminal region of some of the stalks. Pasal axillary buds de- 
veloped into non-functional ears. A few plants developed tassels and pol- 
len. The plants lived until killed by frost, but at this time there was less 
functional tissue than when they were sprayed. 


DISCUSSION 


Although LAA is recognized as a powerful plant stimulant in the tests 
recorded, the results indicate that it is possible to prepare vet more active 
substances by substitution of certain loci in the molecule. These active 
sites are particularly the 4 and 6 positions in the phenyvlene moiety of the 
indole ring. From a utilitarian point of view, the high activity of the 4-:6- 
eutectic is noteworthy since this material is so easily prepared (9). In all 
tests conducted, the 4-chloro derivative was more than 10 times as active 
as LAA, and in some tests it appeared to be considerably more powerful 
than such a ratio indicates. 

One of the conclusions possible with respect to the importance of the 
indole ring is that the phenylene residue can be substituted with less effect 
on activity than the pyrrolene moiety. The auxin-like sensitivity of the 
molecule is greatest in the side chain; substitutions in the pyrrolene ring 
appear to diminish the activity markedly, and simple substitutions in the 
phenylene ring lead either to slight inactivation or increased activity. 
These conclusions are in essential agreement with the evaluation of Kégl 
and Kostermanns (1). 

It is possible to detect a lower degree of activity with the split pea stem 
test than with the tomato test, since chemical penetration and transloca- 
tion are minimized in the former. The lanolin test on tomato, however, 
places a source of chemical in contact with the plant for a longer period of 
time. In general, the chemicals tested gave the same relative response in 
the two tests. There were some differences, however: 5-Me-LAA, 5,7-<di- 
2-COOH-5-Br-LAA, and 2-COOH-7-CLIAA caused more cell pro- 
liferation than would be expected from the corresponding effect on cell 
elongation, which may indicate slower penetration or slower catabolism of 
at least some of the substituted [AAs compared to LAA, 
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In the present state of knowledge, the effects of the benzenoid chlorines 
and methyl seem attributable to inhibition of catabolism (11); other expla- 
nations are of course not excluded. The explanation given conforms not 
only to the differences between the halo IAAs and IAA, but also to the 
differences between 2-Me-IAA and 2-Me-5-Cl-IAA. The weak activity 
provided by the 2-Me derivative is thus enhanced, not diminished, by 
halogen substitution. 

A fundamental difference in the action of IAA and that of 2 ,4-dichloro- 
phenoxyacetic acid and 3-naphthoxyacetic acid is that the latter compounds 
exhibit formative effects on tomato foliage. Increasing the activity of IAA 
by substitution did not alter this difference in action. 


SUMMARY 


The effects of sixteen substituted indole-3-acetic acids and one eutectic 
mixture have been tested for cell elongation and proliferation in a variety 
of tomato, and for curvature of split pea stem. 

Substitutions in the pyrrolene radical tend to inactivate the molecule. 
Substitutions in the phenylene residue yield in some cases compounds of 
enhanced activity. One of these, 4-chloroindole-3-acetic acid, is consider- 
ably more active than the parent compound. 

Theoretical implications to the relationship of structure and activity are 
discussed. 
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THE MICROBIOLOGICAL DETERMINATION OF CARNOSINE 
AND ITS FORMATION BY RAT LIVER SLICES* 


Br HENRY M. WILLIAMS ann WILLARD A. KREHL 


(From the Yale University Nutrition Laboratory, Department of Physiological 
Chemistry, New Haven, Connecticut) 


(Received for publication, January 16, 1952) 

Microbiological methods have been applied previously to the determina- 
tion of carnosine and anserine. Mueller (1) demonstrated that the diph- 
theria bacillus was able to split L-carnosine enzymatically and use the 
liberated 8-alanine for growth. Apparently a specific enzyme was in- 
volved, as the organism did not cleave the p isomer. It was not deter- 
mined whether anserine might also be utilized by the diphtheria bacillus 
for growth. Fuller, Neuberger, and Webster (2) employed Saccharomyces 
cerevisiae to estimate the 8-alanine content of hydrolyzed protein-free mus- 
cle extracts. On the basis of this value they estimated the amount of 
carnosine plus anserine present in the tissue. 

In the present study, the determination of carnosine is based on the 
microbiological assay of histidine in deproteinized muscle extracts both 
before and after acid hydrolysis. Leuconostoc mesenteroides P-60 was the 
assay organism used. The chief advantages derived from this method are 
its applicability to very small amounts of tissue with the retention of a high 
degree of accuracy, plus the fact that carnosine may be estimated in the 
presence of histidine or other imidazoles which normally react with the 
diazo reagent in the widely used colorimetric procedure of Koessler and 
Hanke (3). 

With the availability of an accurate method for the determination of 
carnosine in the presence of histidine or §-alanine, it was possible to study 
the formation of carnosine by rat liver slices in the presence of these amino 
acids. This process is of interest from two standpoints: first as a way to 
observe whether liver is a potential source of carnosine, for very little is 
known of the origin of this compound, and second as a model for studying 
the synthesis in vitro of a peptidic bond. 

EXPERIMENTAL 


Microbiological Determination of Carnosine—About 1 gm. of muscle was 
accurately weighed and ground in a mortar with a pinch of sand and | ce. 
of 3 n HCI until a homogeneous mixture resulted. 5 cc. of water acidified 

* The authors are indebted to the James Hudson Brown Memorial Fund of the 
Yale University School of Medicine for grants in support of this work. 
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to pH 5 with HCl were then added and grinding continued for several 
minutes. The entire contents were transferred quantitatively to a 25 ce. 
centrifuge tube which was placed for 0.5 hour in a water bath maintained 
at 90-95°. The contents of the tube were stirred at frequent intervals. 
After centrifugation, the supernatant was decanted and placed in a boiling 
water bath until the last traces of protein precipitated (usually about 10 
minutes), then diluted to 25 cc. and filtered once to remove the coagulated 
protein. An aliquot of the filtrate was shown to be protein-free by testing 
with 10 per cent trichloroacetic acid. 10 cc. of the filtrate were neutralized 
to pH 7 with NaOH, diluted to 25 cc., and reserved as the unhydrolyzed 
portion. Another 10 cc. of the filtrate were transferred to a 125 cc. Erlen- 
meyer flask with 5 ec. of 3 sn HCl, plugged with cotton, and autoclaved for 
3 hours at 15 pounds pressure (121°), neutralized to pH 7 with NaOH, 
diluted to 25 cc., and set aside as the hydrolyzed portion of the extract. 

The histidine assay was carried out by using Leuconostoc mesenteroides 
P-60 and the medium (minus histidine) described by Krehl and Fruton (4). 
Two portions (0.5 and 1.0 cc.) of the hydrolyzed and unhydrolyzed extracts, 
and appropriate dilutions of the histidine standard solution! ranging from 
0 to 16 y per tube, were added to Evelyn tubes containing 5 cc. of the 
double strength medium. The contents of each tube were then diluted to 
10 cc., plugged with cotton, autoclaved for 8 minutes at 121°, and inocu- 
lated with 1 drop of a 24 hour culture of the organism (which had been 
grown in the complete basal medium, centrifuged, washed, and resuspended 
in 10 cc. of sterile saline). The tubes were incubated for 24 hours at 37° 
and then removed for turbidimetric measurement with the Evelyn photo- 
electric colorimeter (filter No. 620). In the standard curve, micrograms 
of histidine were plotted against Z values (L = 2 — log G) and the values 
of the unknown solutions read from this curve. The LZ values usually 
ranged from 0.02 for 0 y of histidine to 0.28 for 16 y of histidine per tube. 

Carnosine, which contains 69 per cent histidine by weight, was calculated 
as follows: total micrograms of carnosine = 62.5 (dilution factor) K 100/69 
X micrograms of liberated histidine per cc. of extract. Liberated histidine 
was determined by subtracting free histidine (before hydrolysis) from total 
histidine (after hydrolysis). 

Microbiological Assay of Carnosine® Standard—To 500 y of carnosine (in 
10 cc.) were added 5 cc. of 3 N HCl and the mixture was autoclaved for 3 
hours at 15 pounds pressure. A comparable amount of carnosine was as- 
sayed for histidine without hydrolysis, and the hydrolyzed sample was also 
subjected to assay. The unhydrolyzed sample showed no growth in the 
assay. Carnosine recoveries in two separate experiments were 490 y (98 
per cent) and 485 y (97 per cent) respectively. 


1 Prepared from t-histidine monohydrochloride (Interchemical Corporation). 
? Kindly supplied by Dr. Emil Smith, University of Utah, Salt Lake City, Utah. 
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Carnosine Recovery Experiments—A rat gastrocnemius muscle was di- 
vided in half and each portion assayed microbiologically for carnosine; to 
one sample 500 + of carnosine were added during grinding of the tissue, 
while the other sample was used to calculate the amount of muscle carno- 
sine present. In two separate experiments carnosine recoveries were 524 
(104.7 per cent) and 482 y (96.5 per cent) respectively. 

Microbiological Estimation of Carnosine in Presence of Histidine—A rat 
gastrocnemius muscle was divided in half and each portion assayed micro- 
biologically for carnosine; to one sample, 500 y of carnosine and 500 y of 
histidine were added while the tissue was being ground. The other sample 
was used, as before, to calculate the amount of muscle carnosine present. 
In two separate experiments, histidine recoveries were 501.45 y (100.1 per 
cent) and 508.125 y (101.5 per cent), while carnosine recoveries were 469.88 
7 (93.9 per cent) and 517.9 y (103.5 per cent) respectively. 

Formation of Carnosine by Rat Liver Slices—-The procedures employed in 
these experiments were patterned after those used by Cohen and MeGilvery 
(5) in which they demonstrated the formation of p-aminohippuriec acid 
from p-aminobenzoic acid and glycine. 

All experiments were carried out in Warburg flasks and the oxygen up- 
take measured to insure an actively respiring system. The concentrations 
of the substrate solutions were such that 0.5 cc. of the solution would yield 
the desired concentration when contained in a final volume of 4 ce. Thus, 
0.5 cc. each of the 8-alanine and t-histidine solutions were pipetted into 
the side bulb, while 3 cc. of phosphate-buffered Krebs-Ringer solution were 
added to the body of the flask, and 0.2 cc. of 10 per cent KOH placed in 
the center well. All flasks were chilled on ice before the addition of the 
tissue slices. 

The liver slices were prepared in the cold by using the Stadie-Riggs 
microtome. Slices about 0.5 mm. thick and weighing approximately 30 to 
90 mg. were added to each of the flasks, which were then connected to the 
manometer, gassed with 100 per cent oxygen for 5 minutes, and equili- 
brated for 7 minutes at 38° before the substrates were added from one side 
bulb. Incubation was carried out for 4 hours at 38° with shaking. After 
the completion of an experiment the tissues were rinsed in phosphate- 
buffered Krebs-Ringer solution, blotted, and weighed. They were then 
assayed for carnosine by the microbiological method previously described. 

Concentration of Histidine—In this experiment the slices were incubated 
with increasing histidine concentrations and a constant 8-alanine concen- 
tration. The results presented in Table I show that the carnosine content 
of the slices rose linearly up to a histidine concentration of 310 y per cc. 
and thereafter leveled off rapidly. In other experiments, not shown, fur- 
ther increases in histidine concentration resulted in only an insignificant 
increase in carnosine production. 
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Concentration of 8-Alanine—In this experiment, the slices were incubated 
with increasing 6-alanine concentrations and a constant histidine concentra- 
tion. The results presented in Table II show that the carnosine content 
of the slices rose rapidly but not linearly up to a #-alanine concentration 
of 178 y per cc. and thereafter leveled off. Further increases of 8-alanine 
concentration had little effect on the carnosine content of the slices. In all 


TABLE I 
Effect of Histidine Concentration on Formation of Carnosine by Rat Liver Slices 


mg. 

48 0 54.3 1.13 

63 155 125.6 2.0 

50 310 130.0 | 2.6 

92 465 253 .7 2.76 

62 620 | 179.0 2.89 

61 775 | 187.6 | 3.075 


* All the flasks contained 89 + of 8-alanine per cc. of medium. 


TaBLeE II 
Effect of B-Alanine Concentration on Formation of Carnosine by Rat Liver Slices 


Tissue weight Alanine per cc. of | Total carnosine of per mg. of 

82 0 | 132.0 1.61 
36 89 | 76.3 2.12 
42 178 | 130.04 3.10 
30 267 | 93.3 3.21 
37 356 | 124.0 3.35 
36 445 | 124.0 3.44 


* All the flasks contained 155 y of histidine per cc. of medium. 


experiments control slices were incubated in phosphate-buffered Krebs- 
Ringer solution, and their carnosine values (1.1 to 1.4 7 of carnosine per 
mg. of liver slice) remained constant throughout the experimental period. 


DISCUSSION 


With reference to the microbiological method for carnosine determina- 
tion, completeness of the single extraction was verified by subjecting a series 
of samples to the extraction process three times. Results indicated that 
multiple extraction was unnecessary. It was also found that, in order to 
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obtain consistent results, the protein precipitation must be complete. In 
those instances in which a trace of protein remained (as evidenced by the 
formation of a fine precipitate when 10 per cent trichloroacetic acid was 
added to an aliquot), falsely high values were obtained. 

In order to establish that complete hydrolysis was being effected by the 
conditions stated, a series of extracts was subjected to varying concentra- 
tions of acid for periods in the autoclave at 121°, ranging from 0 to 3 hours. 
With 1 N solutions, hydrolysis was complete at 2.5 hours with no variation 
in results at 3 hours. The stability of histidine throughout the hydrolytic 
procedure was verified by subjecting histidine solutions to comparable 
treatment. Assays indicated that histidine remained unchanged through- 
out the procedure. 

Anserine’ in amounts comparable to those used for carnosine was assayed 
for histidine both before and after acid hydrolysis. In all these assays, no 
growth was obtained. However, when the concentration of the hydro- 
lyzed anserine solutions was increased to 100 7 per tube in the assay, some 
growth was noted, amounting to a 7 per cent recovery of the 100 y of 
anserine. Since, however, this concentration of anserine is far in excess of 
that encountered in biological material, it may be assumed safely that an- 
serine interferes only insignificantly with the estimation of carnosine by 
this microbiological method. 

In the liver slice studies, since isolation and identification of carnosine 
were not carried out, it is not possible to state with absolute certainty that 
carnosine is actually being produced by the liver slices. However, these 
experiments, which utilize a more specific method of carnosine estimation 
than those commonly used, strongly support the thesis that carnosine may 
be synthesized by the liver in vitro. The experiments demonstrating an 
increased carnosine content in those slices incubated in the presence of 
increasing concentrations of 8-alanine are perhaps most valid, since the 
method of carnosine estimation involves the determination of histidine 
liberated from the deproteinized tissue extract by hydrolysis. Since, so 
far as is known, histidine and #-alanine are related in biological material 
only in the form of carnosine, it appears very unlikely that any other his- 
tidine-containing substance but carnosine was being estimated in this ex- 
periment. 

SUMMARY 

1. A microbiological method for the estimation of carnosine in the pres- 
ence of histidine is described. 

2. The results of sample recovery experiments are presented. 

3. The formation of carnosine by rat liver slices incubated in the presence 
of 8-alanine and histidine has been demonstrated. 


* Delta Chemical Works. 
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4. Increasing the concentration of the substrates increases the yield of 
carnosine within limits. 
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The method of Schales and Schales (1) for obtaining a stable prepara- 
tion of 3,4-dihydroxyphenyl-L-alanine (L-dopa) decarboxylase has simpli- 
fied the problem of studying the kinetics of this enzyme system. These 
authors studied the effect of pH and enzyme concentration on the rate 
as well as the variation of rate with time. They also showed that pyri- 
doxal-5-phosphate (codecarboxylase) could increase the rate and prolong 
the reaction. Since their studies were carried out at constant substrate 
concentration, it seemed desirable to investigate the effect of varying 
this factor. Preliminary experiments showed, however, that such studies 
were complicated by a marked substrate inhibition, apparently as a result 
of interaction of the substrate with the coenzyme. 

The present paper is a study of the effect of codecarboxylase on the 
enzymatic decarboxylation of L-dopa and of the reaction of codecarboxy- 
lase with dopa and related compounds. Some evidence as to the nature 
of the compounds formed is presented and the preparation of a compound 
by an analogous interaction of pyridoxal and m-hydroxypropadrine (2- 
amino-1-(3’-hydroxyphenyl)-1-propanol) is described. 


Methods 


The enzyme was prepared by the method of Schales and Schales (1) 
as a dry powder from fresh guinea pig kidneys. The decarboxylase 
activity was studied in conical Warburg vessels with two side arms. The 
enzyme powder was dissolved in 0.1 m phosphate buffer at pH 6.8 and the 
desired quantity pipetted into the main chamber of the vessel together 
with sufficient buffer to make the final volume 4.5 ml. The substrate, 
L-dopa, was dissolved in water and pipetted into one side arm, and 0.3 


* This investigation was supported by Grant H-658(C) from the Division of Re- 
search Grants and Fellowships of the National Institutes of Health, United States 
Public Health Service. Reviewed by the Veterans Administration and published 
with the approval of the Chief Medical Director. The statements and conclusions 
of the authors are the result of their own study and do not necessarily reflect the 
opinion or policy of the Veterans Administration. 
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mi. of 3 Nn sulfuric acid was usually placed in the other. The vessels were 
placed in the 37° bath, deaerated with nitrogen (which had been purified 
over hot copper), then closed, and equilibrated for about 10 minutes. 
The substrate was tipped in at zero time and readings taken at 6 or 10 
minute intervals. When the evolution of gas came to a halt, the acid 
was poured in and after another 10 minutes a final reading was taken. The 
fraction of carbon dioxide retained was calculated and the earlier read- 
ings corrected accordingly (2). 

When codecarboxylase was used, it was generally added in aqueous 
solution to the enzyme preparation. In some cases it was added to the 
same side arm as the substrate. Since the fraction of carbon dioxide 
retained by the reaction mixture was quite constant, it was possible to 
omit the acid in some cases and utilize the extra side arm for the addition 
of the codecarboxylase. Vessels with three side arms, two intercon- 
nected and one separate, were utilized to study the effect of mixing code- 
carboxylase with dopa or other substances for controlled time intervals 
before adding to the reaction mixture. 

Spectrophotometric studies were made in 1 cm. quartz cells on a Beck- 
man model DU spectrophotometer. The reagents were made up in phos- 
phate or borate buffer and incubated in a Dubnoff shaker (3) in air or 
under nitrogen for various lengths of time, cooled to room temperature, 
diluted if necessary, and transferred to the cells for measurement. Esti- 
mations of the amount of reaction were made from the changes in ab- 
sorption at two different wave-lengths. Thus the fraction of pyridoxal 
phosphate, zx, remaining after partial reaction with dopa was estimated 
from the empirical relationship 


1.85 
1 + 1.14D,/D; 


where D, and D, are the optical densities of the solution at 385 and 325 
my, respectively, at pH 6.8. The same formula was used to estimate the 
extent of the reaction of codecarboxylase with other amino acids and 
amines. The results thus obtained can be considered quantitative only 
for the phenyl] derivatives, as the validity of the formula was not estab- 
lished for other compounds. 

Preparation of 4,6-Dihydrory-1-(3'-hydrory-5'-hydrorymethyl-2’-methyl- 
4'-pyridyl)-3-methyl-1 ,2 ,3 ,4-tetrahydroisoquinoline Dihydrochloride Dihy- 
drate—A solution of 80 mg. (394 um) of pyridoxal hydrochloride in 3 ml. 
of water was adjusted to pH 9.5 with m potassium hydroxide. A solution 
of 80 mg. (394 um) of 2-amino-1-(3’-hydroxyphenyl)-1-propanol hydro- 
chloride in 3 ml. of water was similarly adjusted to pH 9.5. The two 
solutions were mixed and left at room temperature for half an hour. Pre- 
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cipitation started in about 5 minutes and at the end of 30 minutes the 
originally yellow solution was colorless. The mixture was placed in the 
refrigerator for a few hours and then centrifuged. The white precipitate 
was washed with a little cold water, filtered on a porcelain filter stick, and 
dried in vacuo. The 60 mg. of free base so obtained were dissolved in 
6 n hydrochloric acid with the aid of gentle heating, filtered through 
sintered glass, and placed in the refrigerator overnight. The crystals 
were removed by filtration on a porcelain filter stick and dried over 
calcium chloride in vacuo. Yield 38 mg. (23 per cent). 
Calculated. C 47.99, H 6.17, H,;O 8.47 
Found. “ 47.87, “ 6.13, “ 8.44 


The codecarboxylase, a sample of the calcium salt (Merck, lot 9R1068), 
was assayed as follows: A series of flasks were filled to the same volume 
with equal amounts of codecarboxylase and varying amounts of dopa in 
aqueous solution. The solutions were incubated at 38° and analyzed 
spectrophotometrically at several time intervals. By successive approxi- 
mations that value for the codecarboxylase concentration was found 
which best fitted a bimolecular reaction course. It was estimated in this 
way that 623 gm. of the codecarboxylase sample were equivalent to 1 
mole (197 gm.) of dopa, indicating that the sample contained 46 per cent 
calcium pyridoxal-5-phosphate. The data presented in Table I confirm 
this value. 

EXPERIMENTAL 


When small amounts of L-dopa are added to an active preparation of 
dopa decarboxylase, 1 mole of carbon dioxide is evolved for each mole of 
substrate. However, as the concentration of L-dopa is increased (or that 
of the enzyme decreased), the reaction stops short of completion and the 
initial rate falls as well. The effect of L-dopa concentration on the carbon 
dioxide production is shown in Fig. 1, for different reaction times. 

This substrate inhibition is prevented by the addition of sufficient 
codecarboxylase, as shown in Fig. 2. When codecarboxylase is intro- 
duced from the side arm which also contains the L-dopa, instead of directly 
into the main compartment containing the enzyme, it is completely with- 
out effect. Although when introduced from the other side arm codecar- 
boxylase is most effective if added 15 minutes or more before the substrate, 
there is, in any case, a distinct increase in the rate of carbon dioxide 
evolution when it is added simultaneously with or even as much as half 
an hour after the t-dopa is added. If, however, codecarboxylase is first 
incubated for half an hour with as little as 1 per cent of the amount of 
dopa used as substrate before it is added to the enzyme, its activating 
power is completely lost. 
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The inactivation of codecarboxylase by dopa proceeds as rapidly in air 
as in nitrogen. 

A 0.05 mo solution of codecarboxylase is not affected by the presence 
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Fic. 1. Progress of decarboxylation at various time intervals as a function of the 
nitial L-dopa concentration. 
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Fic. 2. The effect of codecarboxylase on the rate of decarboxylation of dopa. 
The amount of codecarboxylase used is indicated on each curve. In each case 25 
mg. of enzyme powder and 4 mg. of L-dopa in 0.1 mM phosphate buffer at pH 6.8 were 
used in a total volume of 4.5 ml. per vessel. 
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of 2.5 mm tyrosine, phenylalanine, or catechol, but is inactivated by 2.5 
mM 3 ,4-dihydroxyphenylserine or 3 ,4-dihydroxyphenethylamine (hydroxy- 
tyramine). 

Neutral codecarboxylase solutions have a characteristic yellow color 
which disappears upon inactivation by dopa and other active analogues. 
Spectrophotometry yielded the curves shown in Fig. 3. The isosbestic 
point at 347 my is useful in estimating the initial concentration of co- 
decarboxylase, while the disappearance of the peak at 385 my and the 


AR EXTINCTION COEFFICIENT X 


400 


WAVELENGTH IN 


Fic. 3. Absorption spectra of L-dopa (dash line), codecarboxylase (assay, 46 per 
cent calcium pyridoxal-5-phosphate) (dotted line), and the reaction product, meas- 
ured at pH 6.8 in a concentration of 75 um per liter. The dot-dash curve is from a 
solution prepared by letting equimolar quantities of codecarboxylase and dopa 
react at 38° and pH 6.8 for 6 hours at a concentration of 375 um and then diluting to 
75 um. This product is estimated to contain about 17 per cent of unchanged re- 
agents, on which basis the solid curve has been calculated to represent the spectrum 


of the pure product. 


intensification of the peak at 327 my can be used to measure the extent 
of the reaction. With the aid of these properties, a semiquantitative 
study was made of the rate of reaction as influenced by temperature, pH, 
concentration, and chemical structure. 

Although preliminary experiments were made with dopa, 2-amino-1- 
(3’-hydroxypheny])-1-propanol (m-hydroxypropadrine) was selected for the 
more quantitative studies in view of its stability, solubility, and avail- 
ability. 

To test the stoichiometric nature of the reaction, mixtures were pre- 
pared containing m-hydroxypropadrine and codecarboxylase in relative 
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molar ratios of 2:1, 1:1, and 1:2. These solutions were made up in 
0.04 m phosphate buffer at pH 6.8; the reagent present in lower con- 
centration was initially at 1.5 X 10-‘m. After incubation for 30 minutes 
at 38°, the solutions were cooled to room temperature, diluted with equal 
volumes of buffer, and measured spectrophotometrically. The extent 
of the reaction was estimated as described under “Methods.” The results 


I 
Reaction of Codecarborylase (CDC) and m-Hydrozrypropadrine 
(MHP) at pH 6.8 and 38° 
Initial concentration of limiting reactant, 0.15 mM; reaction time 30 minutes. 


Ratio, CDC : MHP | Per cont CDC semalaing | Per cent MHP remaining Reaction rate constant 


1:2 | 30.5 | 65.3 | 2.79 
1:1 56.0 | 56.0 | 2.86 
2:1 66.4 | 32.8 | 2.62 
0.60} 
° 
0.40} 
0.20} 
2 
6 8 10 
pH 


Fic. 4. The effect of pH on the reaction of codecarboxylase with m-hydroxy- 
propadrine at room temperature. 


are summarized in Table I. The second order reaction rate constant 
listed in the last column was calculated from the usual formulas. 

In Fig. 4 are summarized a few experiments designed to show the effect 
of pH on the reaction rate. The experiments were run at room tempera- 
ture in order to keep the maximum rate low enough to measure without 
special equipment. 

The chemistry of the reaction was further investigated by comparing 
the rate of reaction of codecarboxylase with each of a variety of amines 
and amino acids. The results are summarized in Table II. It may be 
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Tas.e II 
Second Order Rate Constants for Reaction of Codecarborylase with Various Amines 
and Amino Acids at 38° and pH 6.8 


/ | | || \ 

Arterenol OH OH H OH | H H 4.8 
propadrine | 
3,4-Dihydroxy- OH H | COOH | “ 3.2 
phenylalanine | 
phenylserine 
m-T yrosine H H 2.2 
Histamine (Imidazole) 2 Ca. 
2,5-Dihydroxy- H OH OH “ | COOH | “ 0.12 
phenylalanine | 
Epinephrine OH os H OH | H CH, 0.13 
Tryptophan (Indole) H | COOH | H 0.12 
Histidine (Imidazole) 0.12 
p-Nitrophenyl- NO, H H OH 0.06 
serine 
Isuprel H OH - H (CH;);CH | 0.06 
Phenethanol- H H 0.02 
amine 
Methionine (CH,SCH;) H | COOH | “ 0.015 
Alanine (H) 0.013 
o-Tyrosine H | H_ | OH | * 0.008 
Tuamine (CH,CH,CH,CH;CH;) “ | CH; 0.004 
Synephrine OH H H OH H CH; 0.000 
Neosynephrine H OH 0.000 
Glutamic acid (COOHCH;) H | COOH |H 0.000 
Aspartic “ (COOH) 0.000 
Phenylalanine H H H 0* 


We are greatly indebted to the following for samples: codecarboxylase, Dr. W. 
W. Umbreit of Merck and Company, Inc., Rahway, New Jersey; also Dr. I. C. 
Gunsalus of Indiana University for a sample used in preliminary studies; m-hydroxy- 
propadrine and isuprel, Sterling-Winthrop Research Institute, Rensselaer, New 
York; 3,4-dihydroxyphenylalanine, Dr. Aaron Lerner of the University of Michigan; 
3,4-dihydroxyphenylserine, Dr. F. 8. Mann of Cambridge; m-tyrosine, Dr. H. 
Blaschko of Oxford; histamine, Dr. E. Geiger of the Van Camp Sea Food Company, 
Terminal Island, California; 2,5-dihydroxyphenylalanine and o-tyrosine, Dr. A. 
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TaBLe I1I1—Concluded 


Neuberger of the National Institute for Medical Research, London, and also Dr. 
Blaschko; p-nitrophenylserine, Dr. Grant N. Smith of Parke, Davis and Company, 
Detroit; phenethanolamine, tuamine, synephrine, and neosynephrine, Dr. Gordon 
Alles, Pasadena; 3-methyltyrosine and 3-fluorotyrosine, Dr. G. J. Martin of The 
National Drug Company, Philadelphia. 

* By enzymatic test only. 


noted that simple aliphatic amino acids and amines do not react with 
codecarboxylase at 38° and pH 6.8 to any appreciable extent. Phenyl- 
alanine and phenethylamine derivatives react only when the amino group 
is free and there is a meta phenolic hydroxy group. Histidine, histamine, 
and tryptophan react at a lower rate than m-hydroxyphenyl compounds. 

It was not possible to isolate any of these compounds. However, an 
apparently similar reaction was found to occur between m-hydroxypropa- 
drine and pyridoxal, which yielded a crystalline product. This reaction 
is most readily followed in alkaline solution, in which pyridoxal has a 
bright yellow color that fades as the reaction proceeds. If the reaction 
is allowed to occur in concentrated aqueous solution, a colorless precipitate 
quickly forms which is only slightly water-soluble. It dissolves readily 
in hydrochloric acid, from which it crystallizes as the dihydrochloride. 
Analyses were consistent with the view that the product was a tetra- 
hydroisoquinoline condensation product. 

The absorption spectra of this compound and of the parent compounds 
at pH 6.8 and pH 9.7 are shown in Figs. 5 and 6, respectively. By means 
of these spectra it has been possible to follow the course of the reaction. 
At pH 6.8 the changes in absorption at wave-lengths of 284 and 315 mu 
are particularly well suited for this purpose. The results of such a study 
on reaction mixtures containing initial concentrations of pyridoxal and 
m-hydroxypropadrine in the molar ratios of 1:2, 1:1, and 2:1 are shown 
in Fig. 7. The curves were calculated for a rate constant of 0.12 on the 
assumption that a simple second order reaction was involved. At a pH 
of 10.0 instead of 6.8, the rate constant was found to be 4.1. 

The pharmacology of the condensation product was briefly investi- 
gated. 12 mg. of the dihydrochloride dihydrate in 1.0 ml. of saline were 
injected intravenously into a 2.7 kilo cat under Dial anesthesia (no atro- 
pine). There was no increase in heart rate, pulse amplitude, or arterial 
pressure either systolic or diastolic. There was no change in respiration, 
no dilation of pupil, no peripheral vasoconstriction, and no irregularities 
in heart action. On the other hand an equimolar amount of the parent 
amine, m-hydroxypropadrine (6.1 mg. of the hydrochloride in 1 ml. of 
saline) showed in the same animal immediate and profound increases in 
arterial pressure, diastolic and systolic (prolonged), pulse amplitude, and 
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respiration. There was also dilation of the pupil, peripheral vasoconstric- 
tion, bradycardia, dropped beats, extrasystole, and finally tachycardia. 
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Fic. 5. Molar extinction coefficients of pyridoxal (dotted line), m-hydroxy- 
propadrine (dash line), and their condensation product (dot-dash line), calculated 
from absorption data obtained at 0.15 mm per liter in phosphate buffer at pH 6.8. 
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Fic. 6. Molar extinction coefficients of pyridoxal (dotted line), m-hydroxy- 
propadrine (dash line), and their condensation product (dot-dash line), calculated 


from absorption data at 0.15 mm per liter in borate buffer at pH 9.7. 
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The parent aldehyde, pyridoxal (7.0 mg. of the hydrochloride in 1 ml. of 
saline) produced an increase in pulse amplitude only. 

These observations are consistent with those of Heyl et al. (4) who found 
no pressor effect of the compounds formed by interaction of pyridoxal 


EXTENT OF REACTION 


IN PERCENT COMPLETION 
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REACTION TIME IN HOURS 
Fic. 7. Rate of condensation of pyridoxal with m-hydroxypropadrine at pH 6.8 
and 38°. Initial concentration in mm per liter. O, pyridoxal 0.30, m-hydroxy- 
propadrine 0.15; 0, pyridoxal 0.15, m-hydroxypropadrine 0.15; A, pyridoxal 0.15, 
m-hydroxypropadrine 0.30. Curves calculated for a second order reaction rate 
constant of 0.20 liter mole“ sec.~'. 


DISCUSSION 


The effect of codecarboxylase on the rate of decarboxylation of dopa may 
be considered additional evidence that it is in fact the coenzyme for dopa 
decarboxylase. Final proof, however, must await actual resolution of 
the enzyme into apoenzyme and coenzyme. On the assumption that 
codecarboxylase is present in the enzyme preparation as a dissociable 
cofactor, the carbon dioxide produced in 80 minutes was plotted against 
added codecarboxylase and extrapolated to zero reaction, resulting in a 
point corresponding to —3.36 y of codecarboxylase. This was interpreted 
as indicating that about 3.36 y of codecarboxylase were present in the 
25 mg. of impure enzyme preparation used. If the codecarboxylase prepa- 
ration contains 46 per cent of calcium pyridoxal phosphate and it is as- 
sumed that the apoenzyme has a molecular weight of, say, 60,000, one 
can estimate that about 1.3 per cent of the crude enzyme powder is active 
dopa decarboxylase. 
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An estimate of the dissociation constant of the enzyme at pH 6.8 was 
obtained as follows: The reciprocal of the estimated total codecarboxylase 
(3.36 y plus the amount introduced) was plotted against the reciprocal 
of the amount of carbon dioxide produced in 80 minutes. The curve was 
extrapolated to infinite codecarboxylase concentration (reciprocal = 0), 
yielding a maximum rate of 476 wl. Half this value was attained with 
7.52 y of codecarboxylase per 4.5 ml. or 2.68 X 10~-* mole per liter, which 
should be roughly equal to the dissociation constant of the enzyme into 
apoenzyme and coenzyme. 

From a plot of the reciprocal substrate concentration against the re- 
ciprocal rate in the presence of 13 y of codecarboxylase per vessel, the 
Michaelis constant was estimated in an analogous manner to be 0.54 X 
10-* mole per liter at pH 6.8. 

The limitation of the reaction to aromatic amines or amino acids with 
an active hydrogen ortho to the side chain suggested that a condensation 
to form a tetrahydropyridine ring is involved in each case. Since Heyl, 
Harris, and Folkers (5) have demonstrated that histidine forms with 
pyridoxal a colorless imidazotetrahydropyridine compound under the same 
conditions which with other amino acids result in the formation of a 
Schiff base, it seems likely that a similar compound (II) is formed during 
the reaction of histidine or histamine with pyridoxal phosphate under 
milder conditions. Harvey, Miller, and Robson (6) have observed that 
tryptophan condenses with formaldehyde at 38° to form a tetrahydro- 
pyridindole; the analogous tryptophan-pyridoxal phosphate compound is 
shown as I. 

That some phenethylamine derivatives react with aldehydes under 
physiological conditions was first shown by Schoepf and Bayerle (7). 
Later Schoepf and Salzer (8) demonstrated the importance of the phenolic 
hydroxy group para to the point of closure. The structure of the ex- 
pected reaction product of dopa and pyridoxal phosphate is shown as 
III. As the pyridoxal phosphate derivatives are very difficult to isolate 
and as 3,4-dihydroxy compounds are somewhat unstable, the stable, 
crystalline condensation product of m-hydroxypropadrine and pyridoxal 
(IV) was prepared as the hydrochloride. Heyl et al. (4) have recently 
reported a similar compound formed by the condensation of pyridoxal 
and hydroxytyramine. 

The lack of reactivity of the methylamino analogues suggests the 
formation of an intermediate Schiff base or other compound involving 
both amino hydrogens. However, the spectrophotometric studies gave 
no evidence of such an intermediate. 

The greater rate of reaction of pyridoxal phosphate as compared with 
pyridoxal should be considered in the light of the work of Heyl, Luz, 
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Harris, and Folkers (9). These workers have presented evidence that 
pyridoxal forms a hemiacetal involving the aldehyde group, while pyri- 
doxal phosphate cannot form such an acetal. For pyridoxal the equi- 
librium at high pH is away from the hemiacetal form to a quinoid-enol 
form, which is also responsible for the absorption of light at 390 mu. 
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The correlation of reactivity to light absorption suggests that the reaction 
is with the enol form. As this investigation was primarily concerned 
with the properties of codecarboxylase, the reactivity of other aldehydes 
was not investigated. 

It is interesting to note that some but not all of the proved substrates 
of dopa-decarboxylase (10) react with the codecarboxylase. Thus o-tyro- 
sine, which Blaschko (11, 12) has shown to be a substrate of the enzyme, 
does not react with the codecarboxylase. Experiments are now under 
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way to determine whether or not this substrate is free from inhibitory 
effects when used in high concentration. 

Several reports have appeared in the literature (13-15) in which amines 
and amino acids have been tested for their inhibitory effect on dopa de- 
carboxylase. It is not possible to explain the results reported simply in 
terms of reactions with the coenzyme, as many of the reported inhibitor 
substances do not inactivate codecarboxylase. Werle (16) noted in 1942 
that histidine decarboxylase was markedly inhibited by p-dopa. This 
might be explained in terms of inactivation of the codecarboxylase were 
it not for the reversible nature of the reported inhibition and the similarly 
high degree of inhibition by pyrocatechol which does not react with co- 
decarboxylase. 


In experiments carried out in phosphate buffer at pH 6.8 with lyophilized 
preparations it was found that t-dopa decarboxylase from guinea pig 
kidney is inhibited by t-dopa at high concentrations. This inhibition is 
prevented by the presence of codecarboxylase. When codecarboxylase 
is incubated with dopa, it loses its activating power and its yellow color. 
Spectrophotometric studies of the reaction showed that codecarboxylase 
reacts with histidine, histamine, tryptophan, and such phenylalanine or 
phenethylamine derivatives as contain a meta hydroxy substituent. 

A reaction product of pyridoxal and m-hydroxypropadrine has been 
prepared. Its composition corresponds to that of a tetrahydroisoquinoline 
condensation product. It is postulated that similar condensation re- 
actions occur between codecarboxylase and the reactive amines and amino 
acids. 


The authors are indebted to Dr. T. A. Geissman for helpful criticism 
and suggestions, to Mrs. Beatrice Kent for performing the elemental 
analyses, and to Mrs. Patricia Flaum for the pharmacological tests. 
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